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ABSTRACT
An e x p e r i m e n t a l  a p p a r a t u s  has been d e v e l o p e d  in  w h ic h  
t h e  b e h a v i o r  o f  a d e n s i t y  s t r a t i f i e d  tw o  l a y e r  s a l i n e  f l u i d  
s y s te m  w i t h  p u l s e d  j e t  im p in g e m e n t  o f  t h e  d e n s i t y  i n t e r f a c e  
has been o b s e r v e d .  A t t e n t i o n  has been c o n c e n t r a t e d  on t h e  
e f f e c t  t h a t  j e t  im p in g e m e n t  has on t h e  e n t r a i n m e n t  r a t e  
t h r o u g h  s h e a r  and h a r m o n ic  o s c i l l a t i o n  o f  t h e  i n t e r f a c e .
I t  was fo u n d  t h a t  low f r e q u e n c y  p u l s i n g  o f  t h e  j e t  l e d  t o  
h i g h e r  e n t r a i n m e n t  r a t e s ;  h o w e v e r ,  t h i s  e f f e c t  i s  m in im a l  
i n  c o m p a r is o n  t o  t h e  l e n g t h  s c a l e  r a t i o  and t h e  d e n s i t y  
r a t i o  o f  t h e  s y s te m .  The e x p e r i m e n t s  w e r e  c o n s t r a i n e d  by  
t h e  s i z e  o f  t h e  t e s t i n g  t a n k  in  t h e  h o r i z o n t a l  d i r e c t i o n  
and by l i m i t a t i o n s  o f  t h e  p u l s i n g  s y s t e m .  The d a t a  was 
r e d u c e d  u s i n g  e q u a t i o n s  d e r i v e d  f r o m  f i r s t  p r i n c i p l e s  o f  
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A j  = A r e a  o f  J e t  O p e n in g  (m2 )
A-t = H o r i z o n t a l  C r o s s  S e c t i o n a l  
A r e a  o f  T e s t  T a n k  (m2 )
Aw = F r o n t a l  A r e a  o f  T r a n s v e r s e  Wave (m2 ) 
d = D e p th  o f  F l u i d  L a y e r  (m)
C = 0 . 1 0 9  ( J e t  C o n s t a n t )  
c = Wave F r o n t  V e l o c i t y  ( m / s )
Ds = Mass D i f f u s i v i t y  (m2 / h r )
E = d S / d t  E n t r a i n m e n t  R a t e  ( c m / s )
F r  = 1/ R  i 0 - 5 ( F r o u d e  Number)  
g = G r a v i t a t i o n a 1 A c c e l e r a t i o n  ( m / s 2 )
H = V e r t i c a l  V e l o c i t y  S c a l e  ( m / s )  
k = 2 n / d  (Wave N u m b e r ) ( 1 / m )
N = [ ( - g / p 0 ) (6 p /< 5 z )  1 * 5 B r u n t - V a i  sa  1 a 
F r e q u e n c y  (H z )
N j  = J e t  F r e q u e n c y  ( H z )
Moj = J e t  Momentum F l u x  (m4 / s 2 ) 
m = Mass R a t e  o f  F l u i d  E n t r a i n e d  ( K g / s )
Pd = Pow er  o f  D e f o r m a t i o n  (Wave P o w e r ) ( W )  
Pe = a H /D s  (P e c  l e t  Num ber)
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P j  = Power of t h e  J e t  (W)
Q j  = J e t  Volume F lo w  R a t e  (rrv^/s)
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t  = T i me ( s )
Ue = Mass R a t e  o f  E n t r a i n m e n t  ( k g / s )
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v£ = K i n e m a t i  c Vi scos  i t y  o f  Low er  L a y e r  
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- s / m 2 ) 
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C h a p t e r  1 
INTRODUCTION
1.1  S T R A T IF IE D  FLOW SYSTEMS
T h e r e  has lo n g  b e e n  an  i n t e r e s t  i n  m i x i n g  p r o b le m s  
r e l a t e d  t o  s t r a t i F i e d  F l u i d  s y s t e m s .  S t u d i e s  i n t o  t h e  
b e h a v i o r  oF  a t m o s p h e r i c  (Zeman an d  T e n n e k e s  1 9 7 7 )  and  
o c e a n i c  m o t io n s  (Woods 1 9 8 0 )  a r e  now c l a s s i c  and r e c e n t l y  
i n v e s t i g a t i o n s  oF s a l i n e  wedges ( A r i t a  and  J i r k a  1 9 8 7 )  and  
s a l t  g r a d i e n t  s o l a r  ponds (SGSP) (Munoz e t  a l .  1 9 8 8 )  h a v e  
b e e n  c o n d u c t e d .  B a s i c  t o  a l l  oF t h e s e  F lo w s  i s  t h e  
q u e s t i o n  oF  t r a n s p o r t  b e t w e e n  t h e  s t r a t i F i e d  l a y e r s .  The  
c o n c e r n  may be o v e r  t h e  t r a n s p o r t  oF h e a t ,  a d i s s o l v e d  
s o l  id  (NaCl in  many s t u d i e s )  o r  a c o m b i n a t i o n  oF b o t h  such  
as t h e  d o u b l e  d i F F u s i v e  ( h e a t  and  s a l t )  b e h a v i o r  oF  a  
SGSP. I n  many s i t u a t i o n s ,  i t  i s  d e s i r a b l e  t o  m i n i m i z e  t h e  
t r a n s p o r t  o r  e n t r a i n m e n t  p r o c e s s  t h u s  k e e p i n g  t h e  l a y e r s  
d i s t i n c t .  T h i s  i s  d e c i d e d l y  t h e  c a s e  in  t h e  SGSP w h e re  
homogeneous m i x i n g  oF t h e  e n t i r e  F l u i d  body  w o u ld  r e s u l t  in  
p o o r  pond p e r F o r m a n c e .
H o w e v e r ,  in  o t h e r  s i t u a t i o n s  i t  may be d e s i r a b l e  t o  
e n h a n c e  t h e  m i x i n g  p r o c e s s .  T h i s  is  t r u e  in  c h e m ic a l  
m i x i n g .  F i l l i n g  oF  l a r g e  s t o r a g e  t a n k s  a n d ,  b e c a u s e  oF  i t s  
g r e a t  v i s i b i l i t y  and  a s s o c i a t e d  h e a l t h  p r o b l e m s ,  t h e  
d i s s i p a t i o n  oF  a i r  p o l l u t i o n  l a y e r s  o r  t h e  so c a l l e d  "Brown
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C l o u d ” t h a t  d e v e l o p s  a b o v e  m a j o r  m e t r o p o l i t a n  a r e a s  due t o  
a s t a b l e  a t m o s p h e r i c  t e m p e r a t u r e  s t r a t i f i c a t  io n  p r o f i l e .
A c t i v e l y  e n h a n c i n g  t h e  e n t r a i n m e n t  r a t e  in  s t r a t i f i e d  
f l o w  s y s te m s  has  r e c e i v e d  l i t t l e  m e n t i o n  in  t h e  
l i t e r a t u r e .  The p u r p o s e  o f  t h i s  s t u d y  i s  t o  e x p l o r e  a  
p o s s i b l e  m echanism  f o r  e n t r a i n m e n t  e n h a n c e m e n t ,  e v a l u a t e  
t h e  e x p e r i m e n t a l  s y s te m  u s e d  i n  t h i s  i n v e s t i g a t i o n  and  
s u p p l y  s u g g e s t i o n s  f o r  s y s te m  im p r o v e m e n t .
1 . 2  PREVIOUS RELATED WORK
S e v e r a l  s t u d i e s  h a v e  b een  c o n c e r n e d  w i t h  t h e  t r a n s p o r t  
c h a r a c t e r i s t i c s  o f  tw o  l a y e r  s y s t e m s .  T u r n e r  ( 1 9 6 8 )  
d e s c r i b e d  t h e  e n t r a i n m e n t  o f  s a l t  and h e a t  a c r o s s  t h e  
i n t e r f a c e  o f  a tw o  l a y e r  s y s te m  a g i t a t e d  by an  o s c i l l a t i n g  
g r i d .  He fo u n d  t h e  e n t r a i n m e n t  r a t e  t o  be d e p e n d e n t  on t h e  
R i c h a r d s o n  Number.  C r a p p e r  and  L i n d e n  ( 1 9 7 3 )  p u r s u e d  t h i s  
s t u d y  w i t h  t h e  same a p p a r a t u s  a s  T u r n e r .  T h e y  f o u n d  t h a t  
t h e  R i c h a r d s o n  and Pec 1e t  numbers a r e  i m p o r t a n t  in  
c h a r a c t e r i z i n g  t h e  e n t r a i n m e n t  r a t e  o f  t h e  s y s t e m .
T u r b u l e n t  e d d i e s  c r e a t e d  by  t h e  g r i d ( s )  im p in g e d  upon t h e  
i n t e r f a c e  b e tw e e n  t h e  tw o  l a y e r s  c a u s i n g  f l u i d  e n t r a i n m e n t  
f r o m  one  l a y e r  t o  t h e  o t h e r .  The g r a d i e n t  R i c h a r d s o n  
number i s  d e f i n e d  a s :
Ri = 9 / p ( d p / d z ) / ( d u / d z ) 2 ( 1 . 1 )
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The f T r s t  d i f f e r e n t i a l  i s  t h e  v e r t i c a l  d e n s i t y  g r a d i e n t  o f  
t h e  s y s te m .  The second  d i f f e r e n t i a l  i s  t h e  v e r t i c a l  
v e l o c i t y  g r a d i e n t  o f  t h e  s y s te m .  The t e r m s  g and p a r e  
g r a v i t a t i o n a l  a c c e l e r a t i o n  and r e f e r e n c e  d e n s i t y ,  
r e s p e c t i v e l y .  The Pec 1e t  number is  d e f i n e d  a s :
Pe = Q /  Ds ( 1 . 2 )
w h ere  Q is  t h e  vo lu m e f l u x  p e r  u n i t  w i d t h  o f  s o l u t e  and Ds 
t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  s o l u t e .
Work s i m i l a r  t o  t h i s  s t u d y  was c o n d u c t e d  by  B a i n e s  
( 1 9 7 3 ) .  He s t u d i e d  m i x i n g  r e s u l t i n g  f r o m  an a x i s y m m e t r i c  
j e t  o r  p lum e i m p i n g i n g  on a d e n s i t y  i n t e r f a c e  c o n t a i n e d  in  
a r e c t a n g u l a r  t a n k .  A l a y e r  o f  s a l t  w a t e r  was c a r e f u l l y  
p l a c e d  b e lo w  a l a y e r  o f  f r e s h  w a t e r .  He then ,  d i r e c t e d  a 
p lum e o f  t h e  lo w e r  l a y e r  f l u i d  o r  a j e t  o f  t h e  u p p e r  l a y e r  
f l u i d  o n t o  t h e  d e n s i t y  i n t e r f a c e .  He f o u n d  t h e  e n t r a i n m e n t  
f l u x  t o  be a  f u n c t i o n  o f  t h e  F ro u d e  number ( F r ) :
Q* /  w j 2 b j 2 = c o n s t  * ( F r ) 3 ( 1 . 3 )
The F r o u d e  number i s  a t e r m  more commonly used by  
h y d r a u l i c  e n g i n e e r s  and is  r e l a t e d  t o  t h e  R ic h a r d s o n  number  
as f o 11o w s :
F r  = 1 /  Ri  O ' 5 . ( 1 . 4 )
T u r n e r  ( 1 9 8 6 )  p r o v i d e d  an e x c e l l e n t  p a p e r  on t h e
h i s t o r i c a l  d e v e lo p m e n t  o f  e n t r a i n m e n t  t h e o r y .  T h i s  p a p e r  
b e g i n s  w i t h  t h e o r e t i c a l  c o n c e r n s  r e g a r d i n g  t h e  " e n t r a i n m e n t
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a s s u m p t i o n " .  T h i s  can be s t a t e d  a s ,  " t h e  mean i n f l o w  
v e l o c i t y  a c r o s s  t h e  edge  o f  a t u r b u l e n t  f l o w  is  assumed t o  
be p r o p o r t i o n a l  t o  a c h a r a c t e r i s t i c  v e l o c i t y ,  u s u a l l y  t h e  
l o c a l  t i m e - a v e r a g e d  maximum mean v e l o c i t y  o r  t h e  mean 
v e l o c i t y  o v e r  t h e  c r o s s - s e c t  io n  a t  t h e  l e v e l  o f  i n f l o w " .
He t h e n  p r o g r e s s e s  i n t o  a p p l i c a t i o n s  o f  g e o p h y s i c a l  
phenomena such as  a magma i n t r u s i o n  i n t o  magma cham bers  and  
a s h  f l o w s  o r  nuee a r d e n t e .  He d i s c u s s e s  e n t r a i n m e n t  
p r o c e s s e s  w i t h i n  p l u m e s ,  j e t s ,  and  in  t u r b u l e n t  s h e a r  f l o w s  
b u t  does n o t  c o n s i d e r  j e t  im p in g m e n t  on d e n s i t y  i n t e r f a c e s .
A number o f  i n v e s t i g a t o r s  h a v e  e x p l o r e d  t u r b u l e n t  s h e a r  
f l o w s  f o r  a v a r i e t y  o f  s i t u a t i o n s .  A r i t a  and J i r k a  ( 1 9 8 7 )  
h a v e  s t u d i e d  e n t r a i n m e n t  in  s a l i n e  w e d g e s .  The wedges a r e  
f l o w s  o f  s a l t  w a t e r  i n t o  f r e s h  w a t e r  r i v e r s  and  e s t u a r i e s .  
T h ey  fo u n d  t h e  b e h a v i o r  o f  t h e s e  wedges t o  be d e p e n d e n t  on 
b o t h  t h e  b u l k  R i c h a r d s o n  and  R e y n o ld s  n u m b ers .  The b u l k  
R i c h a r d s o n  number i s  d e f i n e d  a s :
R|  = < g / p s ) ( A p i / u 2 ) ( 1 . 5 )
w h e r e :
g = g r a v i t a t i o n a 1 a c c e l e r a t i o n  
p s = l a y e r  d e n s i t y
Ap = d e n s i t y  d i f f e r e n c e  a c r o s s  i n t e r f a c e  
1 = l e n g t h  s c a l e  
u = v e l o c i t y  s c a l e
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The R e y n o ld s  number i s  d e f i n e d  a s :
Re = u 1 /  v ( 1 . 6 )
w h e r e :
v = k i n e m a t i c  v i s c o s i t y
A n a l y s i s  o f  t h i s  t y p e  i s  n e c e s s a r y  f o r  p r e d i c t i n g  t h e  
a f f e c t s  t h a t  c h a n g i n g  t h e  g e o m e t r y  and  f l o w  c o n d i t i o n s  o f  
s uch  a r e a s  w i l l  h a v e  on a q u a t i c  l i f e .
The p r o b l e m  o f  s h e a r  f l o w  in  d e n s i t y  l a y e r e d  s y s te m s  
has  been  e x p l o r e d  by  a number o f  r e s e a r c h e r s .
C h r i s t o d o u l o u  ( 1 9 8 6 )  r e e x a m i n e d  t h e  w o rk  o f  a number o f  
p r e v i o u s  r e s e a r c h e r s  who i n v a r i a b l y  fo u n d  e n t r a i n m e n t  r a t e s  
t o  be e x p o n e n t i a l  f u n c t i o n s  o f  t h e  b u l k  R i c h a r d s o n  n u m b er .
we / u *  = a R i x ( 1 . 7 )
w h e r e :
we = e n t r a i n m e n t  v e l o c i t y
u *  = c h a r a c t e r i s t i c  v e l o c i t y
a  = e x p e r i m e n t a l l y  d e t e r m i n e d  c o n s t a n t .
W h i l e  t h e  e x p o n e n t ,  x ,  i s  b e tw e e n  - 2  and  - 1 ,  t h e  f o r m  i s  
q u i t e  s i m i l a r  f o r  a l l  t h e  s t u d i e s  c o m p a re d .
McEwan ( 1 9 7 1 ,  1 9 8 3 ,  1 9 8 3 )  has s t u d i e d  i n t e r n a l  g r a v i t y
waves  in  l i n e a r l y  s t r a t i f i e d  s y s t e m s .  H i s  w o rk  has  d e a l t  
w i t h  t h e  b e h a v i o r  o f  r e s o n a n t l y  e x c i t e d  waves and
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a s s o c i a t e d  m i x i n g  r e s u l t i n g  f r o m  wave b r e a k i n g .  He has  
shown t h a t  a s  e n e r g y  i s  a d d e d  t o  t h e  i n t e r f a c i a l  s y s t e m ,  
i n s t a b i l i t i e s  a r e  c r e a t e d  in  t h e  s t r a t i f i c a t i o n  w h ic h  le a d s  
t o  m i x i n g .
1 . 3  OBJECTIVES
The p r i m a r y  o b j e c t i v e  o f  t h i s  s t u d y  was t o  d e t e r m i n e  
t h e  p a r a m e t e r s  r e l e v a n t  t o  t h e  e n t r a i n m e n t  r a t e  in  a tw o  
l a y e r  s a l t  s t r a t i f i e d  f l u i d  s y s te m  w i t h  m i x i n g  p r o v i d e d  by  
a tw o  d i m e n s i o n a l  p u l s e d  j e t ,  i m p i n g i n g  a t  a r i g h t  a n g l e  t o  
t h e  i n t e r f a c e .
Two m eth ods  w e r e  u s e d  t o  a n a l y z e  t h e  d a t a .  The f i r s t  
was a d i m e n s i o n a l  a n a l y s i s  u s i n g  t h e  B uc k ingh am  Pi  m e th o d .  
The s e c o n d  was an e n e r g y  ( p o w e r )  b a l a n c e  d e r i v e d  f r o m  
c o n s e r v a t i o n  o f  e n e r g y  p r i n c i p l e s .  B o th  a r e  d i s c u s s e d  in  
g r e a t e r  d e t a i l  in  C h a p t e r  3 .
S e c o n d a r y  o b j e c t i v e s  d e a l t  w i t h  e v a l u a t i o n  o f  t h e  
e x p e r i m e n t a l  a p p a r a t u s .  S p e c i f i c a 11y , an e v a l u a t i o n  o f  t h e  
j e t  p u l s i n g  s y s te m  was d e s i r e d  b e c a u s e  t h e  s y s te m  was a new 
d e s i g n .  In  a d d i t i o n ,  t h e  wave dam pin g  s y s t e m ,  w h ic h  was 
i n s t a l l e d  t o  e l i m i n a t e  wave r e f l e c t i o n  f r o m  t h e  ends o f  t h e  
t a n k ,  was t o  be e v a l u a t e d .
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C h a p t e r  2
APPARATUS DESCRIPTION AND EXPERIMENTAL METHOD
2 . 1  TEST CELL
A s c h e m a t i c  o f  t h e  f l o w  s y s te m  i s  shown i n  F i g u r e  2 . 1 .  
Th e  t a n k  i s  made of one  in c h  t h i c k  a c r y l i c  t o  p r o v i d e  b o t h  
s t r u c t u r a l  i n t e g r i t y  an d  o p t i c a l  a c c e s s .  I t s  i n t e r n a l  
d i m e n s i o n s  a r e  3 0 . 5  x 1 1 9 . 4  x 4 5 . 7  cm (1 2  x 47  x  18 
i n c h e s ) .  The b o t t o m  of t h e  t a n k  i s  c o p p e r  t o  a l l o w  uni-Form  
h e a t i n g  of t h e  b o t t o m  in  F u t u r e  t e s t s .
2 . 2  PULSING SYSTEM
The s y s te m  F o r  c r e a t i n g  t h e  p u l s e d  j e t  i s  shown 
s c h e m a t i c a 11y in  F i g u r e  2 . 1 .  W a t e r  i s  d raw n From t h e  t o p  
l a y e r  of t h e  t a n k  by  s u c t i o n  From a c e n t r i f u g a l  pump.  
O p e r a t i o n  o f  t h i s  pump i s  c o n t r o l l e d  by a f l o a t  s w i t c h  in  
t h e  p r e s s u r e  t a n k  down s t r e a m  o f  t h e  pump. The w i r i n g  
d i a g r a m  f o r  t h i s  c o n t r o l  c i r c u i t  i s  shown in  F i g u r e  2 . 2 .
The f l o a t  s w i t c h  i s  an Omega E n g i n e e r i n g  I n c .  LV -  90  
S e r i e s  L e v e l  S w i t c h  and  has  a maximum t r a v e l  o f  1 . 6 5  cm 
( 0 . 6 5  in c h )  f r o m  t h e  on t o  t h e  o f f  p o s i t i o n .  The r e s u l t i n g  
v a r i a t i o n  in  t a n k  w a t e r  l e v e l  y i e l d s  a  h y d r o s t a t i c  p r e s s u r e  
c h a n g e  o f  2 . 3 8  KPa ( 0 . 3 4  p s i )  f o r  f r e s h  w a t e r .  B e c a u s e  a  
c h a n g e  in  h y d r o s t a t i c  p r e s s u r e  in  t h i s  t a n k  can  a f f e c t  t h e  
































































p r e s s u r e  be h e l d  t o  as  n e a r  c o n s t a n t  as  p o s s i b l e .  H o w e v e r ,  
w i t h  t h e  c u r r e n t  s y s t e m ,  no more a c c u r a t e  p r e s s u r e  c o n t r o l  
i s  p o s s i b l e .
Down s t r e a m  o f  t h e  pump i s  a R o c k w e l l  f l o w  m e t e r  
( p a t e n t  # 2 4 8 7 7 8 3 ,  s e r i a l  # 2 3 3 8 6 0 6 1 )  p r o v i d e d  by  t h e  C i t y  o f  
G o ld e n  W a te r  D e p a r t m e n t .  The m e t e r  was c a l i b r a t e d  by  
m e a s u r i n g  t h e  t i m e  r e q u i r e d  t o  f i l l  a  5 g a l l o n  c o n t a i n e r .
An e r r o r  o f  l e s s  t h a n  37. i s  a s s o c i a t e d  w i t h  t h i s  
t e c h n i q u e .  T h i s  e r r o r  i s  c o n s i s t e n t l y  b i a s e d  t o  t h e  h i g h  
s i d e .  The e r r o r  in  r e a d i n g  t h e  r e s u l t s  o f  t h e s e  t a n k  
f i l l i n g  t e s t s  is  a l s o  l e s s  t h a n  37., h o w e v e r ,  t h i s  e r r o r  is  
b i a s e d  t o  t h e  low s i d e  and i s  t h e r e f o r e  i n  an  o f f s e t t i n g  
d i r e c t i o n  t o  t h e  m e t e r  e r r o r .  T h e r e f o r e ,  t h e  o v e r a l l  m e t e r  
e r r o r  i s  b e l i e v e d  t o  be l e s s  t h a n  t h r e e  p e r c e n t .
The d r i v i n g  f o r c e  f o r  t h e  j e t  i s  p r o v i d e d  by a i r  
p r e s s u r e  s u p p l i e d  t o  t h e  p r e s s u r e  t a n k  t h r o u g h  a C. H. 
N o r g r e n  Co.  p r e s s u r e  r e g u l a t o r  ( # 1 1 - 0 0 2 - 0 1 4 )  and  o u t p u t  on  
a M a r s h a l l  Town M fg .  Co.  d i a l  p r e s s u r e  g aug e  (CSM # c 2 - 7 1 ) .  
D u r i n g  o p e r a t i o n ,  a i r  i s  c o n t i n u a l l y  b l e d  f r o m  t h e  t a n k  
t h r o u g h  a s m a l l  b a l l  v a l v e .  The c o n s t a n t  f l o w  o f  a i r  
a l l o w s  t h e  s y s te m  t o  r e s p o n d  t o  t h e  j e t  p u l s e  more  
q u i c k l y .  B ecause  t h e  r e g u l a t o r  a l l o w s  t h e  f l o w  o f  a i r  and  
r e s p o n d s  q u i c k l y ,  a  f a i r l y  c o n s t a n t  p r e s s u r e  in  t h e  t a n k  
r e s u l t s .  The t a n k  i t s e l f  i s  a  b e e r  keg  s u p p l i e d  by  t h e
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A d o lp h  C o o rs  Company. The t a n k  i s  made f r o m  s t a i n l e s s  
s t e e l  a nd  has  a  c a p a c i t y  o f  5 8 . 7  l i t e r s  ( 1 5 . 5  g a l  U . S . )
( T a n k  # 1 6 / 1 6 - 1 5 . 5 - 8 4 - D 6 ) .
C o n t r o l  o f  w a t e r  f l o w  t h r o u g h  t h e  t a n k  i s  managed by a 
c h e c k  v a l v e  (T o y o  R e d - W h i t e  1 / 2 ” 125 S 200  WOG) on t h e  
i n p u t  s i d e  o f  t h e  t a n k  n e a r  t h e  b o t t o m .  On t h e  o u t p u t  s i d e  
o f  t h e  t a n k  i s  a  s o l e n o i d  c o n t r o l l e d  ASCO Red H a t  I I  
( 8 0 3 0 A 1 7 ,  # C C 8 2 73 2 S )  v a l v e .  The s o l e n o i d  v a l v e  i s  
c o n t r o l l e d  b y  t h e  t i m i n g  c o n t r o l  c i r c u i t .  A s c h e m a t i c  is  
shown i n  F i g u r e  2 . 3 .  The  b a s i c  c i r c u i t  i s  a 555  B a s i c  
A - s t a b l e  C i r c u i t  fo u n d  in  t h e  E n g i n e e r s  M i n i - N o t e b o o k  555  
C i r c u i t s  ( F .  Mims 1 9 8 4 ) .  C a p a c i t o r s  in  p a r a l l e l  a r e  a d d e d  
t o  t h e  c i r c u i t  t o  e n a b l e  t h e  f r e q u e n c y  r a n g e  t o  b e  v a r i e d .
A v a r i a b l e  0 - 1 0  M-ohm r e s i s t o r  i s  a l s o  a d d e d .  W i t h  t h i s  
c o n f i g u r a t i o n  t h e  s y s te m  has a r a n g e  o f  f r e q u e n c i e s  t h a t  
e x t e n d s  f r o m  0 . 0 4 9  Hz t o  1 . 3 7 4  H z .  As a  r e s u l t  o f  
e x t e n s i v e  h e l p  f r o m  D r .  G ro v e s  ( p e r s o n a l  c o m m u n ic a t io n  
1 9 9 0 ) ,  a  0 . 0 1  u f  c a p a c i t o r  was a d d e d  t o  t h e  Vcc a nd  # 5  
p i n  o f  t h e  5 5 5  c h i p  and  a d i o d e  was p l a c e d  b e tw e e n  p i n s  #3  
a n d  # 4  in  t h e  o u t p u t  l o o p .  T h e s e  a r e  shown on F i g u r e  2 . 3 .  
T h e s e  w e r e  a d d e d  t o  e n s u r e  t h e  smooth o p e r a t i o n  o f  t h e  
c i r c u i t  by  o v e r c o m i n g  i t s  t e n d e n c y  t o  v a r y  t h e  f r e q u e n c y  in  
a s e e m i n g l y  random m a n n e r .











































s q u a r e  w a v e .  T h i s  s i g n a l  c a u s e s  t h e  s o l e n o i d  v a l v e  t o  be  
open f o r  50% o f  t h e  s q u a r e  wave p e r i o d .  The p e r i o d s  w e re  
c a l i b r a t e d  u s i n g  a  N i c o l e t  E x p l o r e r  I O s c i l l o s c o p e  (Model  
2 0 9 0 - 1 ,  # 8 2 4 5 1 2 )  v a l u e s  o f  t h e s e  p e r i o d s  a r e  g i v e n  in  
A p p e n d ix  E. The f i r s t  c o lum n g i v e s  v a l u e s ,  on an a r b i t r a r y  
s c a l e ,  f o r  t h e  v a r i a b l e  r e s i s t o r  in  t h e  t i m i n g  c i r c u i t .  
F i g u r e  2 . 4  shows t h e  t i m i n g  c i r c u i t  f r e q u e n c y  as  a  f u n c t i o n  
o f  d i a l  s e t t i n g  f o r  ea ch  p o s s i b l e  s e t t i n g  o f  t h e  p a r a l l e l  
c a p a c  i t o r s .
The f i n a l  a p p a r a t u s  in  t h e  p u l s i n g  s y s te m  is  a  l i n e  
j e t .  F i g u r e  2 . 5  is  a d i a g r a m  o f  t h e  l i n e  j e t  s h o w in g  t h e  
r e s u l t i n g  f l o w .  The j e t  was c o n s t r u c t e d  u s i n g  c o n c e n t r i c  
PVC p l a s t i c  p i p e s  o f  e q u a l  l e n g t h  w i t h  t h e  ends s e a l e d .
Each p i p e  has a s l o t  c u t  down i t s  l e n g t h  w i t h  t h e  i n n e r  
P i pe  s 1o t  f a c  i ng up w a rd  and t h e  o u t e r  p i pe s 1o t  f a c  i ng 
do w nw ard .  W a te r  f r o m  t h e  f l o w  m e t e r  i s  f e d  i n t o  t h e  c e n t e r  
o f  t h e  i n n e r  p i p e  w h e r e  i t  f l o w s  t o w a r d s  t h e  ends o f  t h e  
p i p e  and t h r o u g h  t h e  i n n e r  s l o t .  I t  t h e n  f l o w s  a r o u n d  t h e  
a n n u l  us b e t w e e n  t h e  i n n e r  and o u t e r  p i p e  and t h r o u g h  t h e  
o u t e r  s l o t .  The p u r p o s e  o f  t h i s  a r r a n g e m e n t  i s  t o  d i f f u s e  
t h e  f l o w  an d  p r o d u c e  a j e t  w i t h  a u n i f o r m  f l o w  r a t e  o v e r  
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2 . 3  INTERNAL WAVE DAMPING
As m e n t i o n e d  e a r l i e r ,  i n t e r n a l  waves  a r e  c r e a t e d  a t  t h e  
i n t e r f a c e  o f  t h e  l a y e r s  w h ic h  m ust  be  c r i t i c a l l y  damped a t  
t h e  t a n k  b o u n d a r y  t o  s i m u l a t e  a s y s te m  o f  i n f i n i t e  
h o r i z o n t a l  d i m e n s i o n .  I t  i s  b e l i e v e d  t h a t  e n e r g y  in  t h e  
r e f l e c t e d  waves w i l l  p r o d u c e  e x t r a n e o u s  m i x i n g  b e h a v i o r  in  
t h e  s y s te m .  I n  an a t t e m p t  t o  m i n i m i z e  wave r e f l e c t i o n  f r o m  
t h e  t a n k  e n d s ,  a  s y s te m  o f  tw o  1 2 . 7  mm ( 0 . 5  i n c h )  s q u a r e  
p l a s t i c  g r i d s  w e re  p l a c e d  v e r t i c a l l y  a t  e i t h e r  end o f  t h e  
t a n k  in  f r o n t  o f  an  open  c e l l  s p o n g e .  To e s t i m a t e  t h e  
e f f e c t i v e n e s s  o f  t h i s  s y s t e m ,  t h e  s hadow graph  f l o w  
v i s u a l i z a t i o n  t e c h n i q u e ,  d e s c r i b e d  in  t h e  n e x t  s e c t i o n ,  was 
u s e d .
2 . 4  FLOW V IS U A L IZ A T IO N
A s ha dow gra ph  has b een  p l a c e d  b e h i n d  t h e  t a n k  t o  
f a c i l i t a t e  t h e  v i s u a l i z a t i o n  o f  t h e  f l u i d  b e h a v i o r  a t  t h e  
i n t e r f a c e .  A s c h e m a t i c  o f  t h i s  s y s te m  i s  shown in  F i g u r e  
2 . 6 .  L i g h t  i s  p a s s e d  t h r o u g h  a  c o n v e x  le n s  o n t o  a  m i r r o r  
w h e r e  i t  i s  r e f l e c t e d  i n t o  a p l a n o - c o n v e x  l e n s .  I t  
c o n v e r g e s  a f t e r  p a s s i n g  t h r o u g h  t h e  p l a n o - c o n v e x  l e n s ,  and  
p a s s e s  t h r o u g h  a p i n h o l e  a n d  d i v e r g e s  b e f o r e  p a s s i n g  
t h r o u g h  a F r e s n e l  l e n s  w h e re  i t  em erges  as  c o l l i m a t e d  





























t h r o u g h  t h e  t e s t  t a n k .  M y l a r  o r  v e l l u m  w i t h  a g r i d  
p r o v i d e s  a d i f f u s e  s u r f a c e  f o r  v i e w i n g  and  m e a s u r i n g  t h e  
f l u i d  b e h a v i o r .  The sha d o w g ra p h  is  s e n s i t i v e  t o  t h e  
h o r i z o n t a l l y  a v e r a g e d  g r a d i e n t  o f  t h e  in d e x  o f  r e f r a c t i o n  
(d e n s  i t y ) .
2 . 5  TANK F I L L I N G  PROCEDURE
The t a n k  i s  f i l l e d  in  a s e r i e s  o f  s t e p s  d e s i g n e d  t o  
m a i n t a i n  t h e  i n t e g r i t y  o f  t h e  f l u i d  l a y e r s  w h i l e  o b t a i n i n g  
a c c u r a t e  m e a s u re s  o f  f l u i d  a n d  s a l t  w e i g h t s .  The f i r s t  
s t e p  is  t o  m e a s u re  t h e  t a r e  w e i g h t  o f  an  em pty  o v a l  s t o c k  
t a n k  on a  r o l l i n g  beam b a l a n c e  ( F a i r b a n k s  CSM 4 0 1 0 ) .  The  
w e i g h t  on t h e  beam b a l a n c e  i s  t h e n  a d v a n c e d  t o  c o r r e s p o n d  
t o  t h e  w e i g h t  o f  s a l t  n e c e s s a r y  t o  a c h i e v e  t h e  d e s i r e d  
c o n c e n t r a t  i o n ,  and t h e n  f o o d  g r a d e  s a l t  i s  a dde d  u n t i l  t h e  
beam i s  i n  b a l a n c e .  N e x t ,  a  200  pound w e i g h t  i s  a d d e d  t o  
t h e  beam an d  w a t e r  i s  a d d e d  u n t i l  t h e  beam a g a i n  b a l a n c e s .  
I t  i s  i m p o r t a n t  d u r i n g  t h e  a d d i t i o n  o f  w a t e r  t h a t  v i g o r o u s  
m i x i n g  o c c u r s  t o  d i s s o l v e  t h e  s a l t .  T h i s  s a l t  s o l u t i o n  i s  
t h e n  pumped i n t o  t h e  t e s t  t a n k  w i t h  a  s u b m e r s i b l e  
c e n t r i f u g a l  pump. A f t e r  t h e  f i l l i n g  t a n k  i s  e m p ty ,  i t  i s  
r e f i l l e d  w i t h  a p p r o x i m a t e 1y  200  l b  o f  f r e s h  w a t e r  a n d  t h e  
t o t a l  w e i g h t  o f  t a n k  and w a t e r  is  r e c o r d e d .  T h i s  w a t e r  is  
t h e n  c a r e f u l l y  p o u r e d  i n t o  t h e  t e s t  t a n k  o v e r  t h e  s a l t
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s o l u t i o n  w i t h  a f l o a t i n g  d i f f u s e r  t h a t  m i n i m i z e s  i n t e r  l a y e r  
m i x i n g .
When t h e  f r e s h  w a t e r  l a y e r  n e a r s  t h e  t o p  o f  t h e  t e s t  
t a n k ,  t h e  p u l s i n g  s y s te m  i s  f i l l e d .  T h i s  i s  done by f i r s t  
t u r n i n g  on t h e  s y s te m  pump w i t h o u t  a i r  p r e s s u r e  a p p l i e d  t o  
t h e  p r e s s u r e  t a n k .  H o w e v e r ,  i t  i s  good p r a c t i c e  t o  ha v e  
p r e s s u r e  a t  t h e  r e g u l a t o r  a t  t h i s  t i m e  so t h e r e  is  no need  
t o  l e a v e  t h e  room t o  t u r n  on t h e  a i r  f l o w .  I t  i s  i m p o r t a n t  
t h a t  t h e  pump f i r s t  be p r i m e d ,  w h ic h  can be done by  t u r n i n g  
i t  on f o r  a s h o r t  t i m e ,  t h e n  t u r n i n g  i t  o f f  t o  l e t  t h e  
w a t e r  s e t t l e .  A f t e r  t h e  w a t e r  i s  s e t t l e d ,  t h e  pump i s  
r e s t a r t e d .  A i r  w i l l  t h e n  be f o r c e d  i n t o  t h e  w a t e r  i n l e t  
w h ic h  can c a u s e  t h e  pump t o  lo o s e  i t s  p r i m e ;  t h e r e f o r e ,  i f  
a i r  b e g i n s  t o  e n t e r  t h e  i n l e t ,  t h e  pump must be s t o p p e d  
u n t i l  t h e  w a t e r  l e v e l  in  t h e  t e s t  t a n k  r i s e s  a g a i n .  When 
t h e  p r e s s u r e  t a n k  i s  p a r t i a l l y  f i l l e d ,  an a i r  p r e s s u r e  o f  
3 - 5  p s i g  i s  a dde d  and t h e  j e t  i s  t u r n e d  on f r o m  t h e  c o n t r o l  
p a n e l  f i l l i n g  t h e  f l o w  l i n e s  w h ic h  l e a v e  t h e  p r e s s u r e  
t a n k .  F a i l u r e  t o  m a i n t a i n  p r e s s u r e  on t h e  p r e s s u r e  t a n k  
can r e s u l t  in  w a t e r  b e i n g  s ip h o n e d  f r o m  t h e  t e s t  t a n k  and  
o v e r f i l l i n g  t h e  p r e s s u r e  t a n k ,  t h u s  a l l o w i n g  w a t e r  t o  back  
f l o w  t h r o u g h  t h e  p r e s s u r e  r e g u l a t o r  and  t h e  b a l l  v a l v e  on 
t o p  o f  t h e  p r e s s u r e  t a n k .  T h i s  can l e a d  t o  a l e a k a g e  
p r o b le m  and w i l l  r e n d e r  t h e  t e s t  m e a n i n g l e s s .  D u r i n g  t h i s
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t i m e  t h e  j e t  must be subm erged  so t h a t  a i r  does  n o t  r e e n t e r  
t h e  f l o w  l i n e .  The p l a t e  o f  t h e  f l o a t i n g  d i f f u s e r  m ust  be  
b e lo w  t h e  j e t  t o  e l i m i n a t e  u n w a n te d  m i x i n g .  A f t e r  t h e  f l o w  
l i n e  t o  t h e  j e t  i s  f i l l e d  w i t h  w a t e r ,  t h e  j e t  can be t u r n e d  
o f f .  The pump i s  r u n  u n t i l  t h e  d e s i r e d  l e v e l  in  t h e  
p r e s s u r e  t a n k  i s  o b t a i n e d .  The s u b m e r s i b l e  pump u s e d  in  
f i l l i n g  t h e  t e s t  t a n k  i s  a l s o  r u n  u n t i l  t h e  t e s t  t a n k  is  
f i l l e d  t o  a  l e v e l  a p p r o x i m a t e l y  10 cm b e lo w  t h e  t o p  o f  t h e  
t a n k .
2 . 6  EXPERIMENTAL SYLLABUS
P r e l i m i n a r y  t e s t i n g  was done t o  " s h a k e  down” t h e  s y s te m  
e q u i p m e n t .  The s y s te m  p e r f o r m e d  w e l l  d u r i n g  s e v e r a l  h o u r s  
o f  o p e r a t i o n  and  was deemed r e a d y  f o r  a c t u a l  t e s t i n g .
V a l u e s  f o r  N j , t h e  j e t  p u l s e  f r e q u e n c y ,  w e r e  o b t a i n e d  
f r o m  A p p e n d ix  T a b l e  E l .  T im e and t e m p e r a t u r e s , f o r  u p p e r  
a n d  lo w e r  f l u i d  1a y e r s , w e r e  o b t a i n e d  f r o m  a s t o p  w a tc h  and  
m e r c u r y  t h e r m o m e t e r s , r e s p e c t i v e 1y . M e a s u re m e n ts  o f  t h e  
i n t e r f a c i a l  l e v e l  w e r e  d e t e r m i n e d  v i s u a l l y  f r o m  t h e  v e l l u m  
g r i d  on t h e  t a n k  s i d e  w a l l  t h r o u g h  use  o f  t h e  s h a d o w g r a p h .  
V a l u e s  f o r  j e t  f l o w  v o lu m e s  w e re  o b t a i n e d  f r o m  t h e  f l o w  
m e t e r .  F l u i d  p r o p e r t i e s ,  such as  d e n s i t y ,  v i s c o s i t y  and  
d i f f u s i v i t y ,  w e re  c a l c u l a t e d  u s i n g  B e r g m a n 's  P r o p e r t y  
P o l y n o m i a l s  p r o v i d e d  by  D r .  Munoz (Bergman 1 9 8 1 ) .
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T a b l e  2 . 1  shows t h e  e x p e r i m e n t a l  s y l l a b u s  f o r  t h i s  
i n v e s t i g a t i o n .  E x p e r i m e n t s  2 and 4 w e r e  c o n d u c t e d  t w i c e  t o  
c o n f i r m  r e p e a t a b i 1 i t y  and a r e  n o t e d  as  e x p e r i m e n t s  2A and  
4A r e s p e c t i v e l y .  A p r e s s u r e  o f  5 p s i g  was used  f o r  t h e  
m a j o r  p o r t i o n  o f  t h i s  e x p e r i m e n t a t i o n  a l t h o u g h  t a n k  
p r e s s u r e  a s  h i g h  as  15 p s i g  c a n  be  m a i n t a i n e d .  S e v e r a l  
r u n s  w e r e  made a t  a  p r e s s u r e  o f  10 p s i g ,  h o w e v e r ,  t h e  
e n t r a i n m e n t  r a t e  f o r  t h e s e  r u n s  was so h i g h  t h a t  o n l y  
l i m i t e d  d a t a  w e re  o b t a i n e d .  The v a l u e s  o f  t a n k  p r e s s u r e  
w e r e  c hosen  t o  r e f l e c t  t h e  l i m i t s  o f  t h e  s y s te m .  The
maximum and minimum v a l u e s  o f  f r e q u e n c y  w e r e  ch o s e n  a t  t h e
l i m i t s  o f  t h e  t i m i n g  s y s te m  w i t h  o t h e r  v a l u e s  o f  f r e q u e n c y  
c h o s e n  a t  i n t e r v a l s  b e tw e e n  t h o s e  l i m i t s .  S i n c e  i t  was n o t  
known w h ic h  v a r i a b l e s  w o u ld  be i m p o r t a n t  f o r  d a t a  
c o r r e l a t i o n  p r i o r  t o  t e s t i n g ,  t h e  i n t e n t  o f  t h e  s y l l a b u s  
was t o  c o v e r  t h e  g r e a t e s t  r a n g e  o f  v a r i a b l e  v a l u e s  
p e r m i t t e d  w i t h  t h e  p r e s e n t  s y s t e m .
T a b l e  2 . 2  and  t h e  d a t a  p r e s e n t e d  in  F i g u r e s  2 . 7  show
t h e  B r u n t - V a i s a 1 a o r  n a t u r a l  f r e q u e n c y  o f  v a r i o u s  s a l t  
l a y e r  s y s te m s  w i t h  f r e s h  w a t e r  a b o v e  and  s a l t  b e lo w  a t  
10 ° C .  The B r u n t - V a i s a 1 a f r e q u e n c y  i s  d e f i n e d  a s :
N2 = ( g / p s ) ( d p / d z )  ( 2 . 1 )
The h o r i z o n t a l  l i n e  on t h e s e  p l o t s  r e p r e s e n t s  t h e  
s y s te m  maximum o p e r a t i n g  f r e q u e n c y .  A l t h o u g h  t h e  f r e q u e n c y
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TABLE 2 . 1  
EXPERIMENTAL SYLLABUS
EXPERIMENT JET FREQUENCY WEIGHT 7. SALT
1 0 . 0 4 9  5 . 0
2 0 . 4 1 0  5 . 0
3 0 . 7 2 2  5 . 0
4 1 . 0 6 2  5 . 0
5 CONTINUOUS 5 . 0
6 0 . 0 4 9  1 0 . 0
7 0 . 4 1 0  1 0 . 0
8 0 . 7 2 2  1 0 . 0
9 1 . 0 6 2  1 0 . 0
10 CONTINUOUS 1 0 . 0
ADDITIONAL RUNS AT 10 p s i g  ON PRESSURE TANK
11 0 . 0 4 9  5 . 0
12 0 . 4 1 0  5 . 0
13 1 . 0 6 2  5 . 0
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TABLE 2 . 2  
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FIGURE 2 . 7  NATURAL FREQUENCY OF NaCl SOLUTIONS
T—3996
r a n g e  o f  t h e  s y s te m  can be  i n c r e a s e d  t h r o u g h  c h a n g e s  i n 
t i m i n g  c i r c u i t ,  t h e  F l u i d  s y s te m  i s  n o t  c a p a b l e  o f  
r e s p o n d i n g  more q u i c k l y  t h a n  i t  does  a t  p r e s e n t .  To  
i n c r e a s e  t h e  f r e q u e n c y  w i l l  r e q u i r e  a  new p u l s i n g  s y s te m  




3 . 1  STATEMENT OF RESULTS
A f t e r  t h e  t e s t i n g  and  d a t a  a c q u i s i t i o n  p h a s e ,  
t h e o r e t i c a l  d e v e l o p m e n t  a nd  d a t a  r e d u c t i o n  was p e r f o r m e d .  
B e s t  - f i t  l i n e s ,  w h ic h  h a v e  c o r r e l a t i o n  c o e f f i c i e n t s  o f  
0 . 9 5 3  and  0 . 9 9 9 ,  f o r  t h e  p u l s e d  and c o n t i n u o u s  f l o w s ,  
r e s p e c t i v e l y ,  a r e :
U e / U *  = 0 .0 4 7 1  (Mo J /  2 g A j  A z )  ° - 9 1 6 ( 3 . l a )
w h e r e
w h e r e
U e / U *  = 0 . 1 0 6 6  <Mo j /  2 g A j  A z ) - 1 . 0 2 4
Mo j = /  A ,  j e t  momentum f l u x
g = g r a v i t a t i o n a 1 a c c e l e r a t i o n
( 3 . l b )
Uo = u,
U* =
= c r o s s  s e c t i o n a l  a r e a  o f  j e t  o p e n i n g .
At  P2 ( 3 . 2 )
Ue = e n t r a i n m e n t  mass f l o w  r a t e  
ue = e n t r a i n m e n t  v e l o c i t y  
A t  = h o r i z o n t a l  a r e a  o f  t a n k  
P2  = d e n s i t y  o f  lo w e r  f l u i d  l a y e r  
Q j  p i (.3.3)
w h e r e :
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U* = j e t  mass f l o w  r a t e
Qf = j e t  v o lu m e  f l o w  r a t e
Pi = d e n s f t y  o f  u p p e r  f l u i d  l a y e r
Az = u e *  60 sec  ( 3 . 4 )
w h e r e :
Az = c h a n g e  in  i n t e r f a c e  e l e v a t i o n .
The j e t  t e r m s  a r e  a v e r a g e  v a l u e s  o v e r  t h e  t i m e  o f  a  
t e s t  r u n  s e g m e n t .  A t e s t  r u n  segment  i s  t h e  p e r i o d  o f  t i m e  
b e t w e e n  r e c o r d e d  m e a s u r e m e n t s ,  a  t i m e  o f  3 t o  30 m i n u t e s ,  
d e p e n d i n g  on t h e  t e s t  c o n d i t i o n s .  T e s t s  w i t h  h i g h e r  
e n t r a i n m e n t  r a t e s  r e q u i r e d  s h o r t e r  t e s t  s e g m e n ts .  I t  was 
d e c i d e d  f o r  e a s e  o f  c a l c u l a t i o n  t o  use  60 s e co nds  a s  t h e  
t i m e  in  t h e  c a l c u l a t i o n  o f  A z .  The t i m e  d u r a t i o n  f o r  
i n d i v i d u a l  e x p e r i m e n t s  w e r e  f r o m  one t o  s e v e r a l  h o u r s .  A 
p l o t  o f  t h e  d a t a ,  s h o w in g  e r r o r  b a r s ,  r e d u c e d  w i t h  
e q u a t i o n s  3 . 1 a  and 3 . 1 b  and t h e  l e a s t  s q u a r e s  b e s t  f i t
l i n e s  o f  a l l  d a t a ,  i s  shown i n  F i g u r e  3 . 1 .  The u p p e r  l i n e
is  a f i t  o f  t h e  c o n t i n u o u s  f l o w  t e s t s  and t h e  lo w e r  l i n e  i s  
a f i t  o f  t h e  p u l s e d  f l o w  t e s t s .  A p o s s i b l e  e x p l a n a t i o n  f o r  
t h e  l a c k  o f  c o r r e l a t i o n  b e tw e e n  t h e  c o n t i n u o u s  and  p u l s e d  
f l o w  d a t a  i s  g i v e n  in  S e c t i o n  3 . 3 .  The t e r m s  on t h e  l e f t  
s i d e  o f  e q u a t i o n s  3 . 1 a  an d  3 . 1 b  r e p r e s e n t  a d i m e n s i o n  1 ess  
mass f l o w  r a t e .
T— I I TT 'I-------- 1---- 1 1 1— l l l l | -------- 1---- 1---I 1 1’ I I T~|"
10 , 1 10
M oj  /  2 g Aj DEL z
a a a a a  PULSED FLOW
y w w y  CONTINUOUS FLOW 
................FXPFRIMENTS 11.  12. 13
FIGURE 3 . 1  F INAL DATA
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3 . 2  ENTRAINMENT CORRELATION DERIVATION
D i m e n s io n a l  a n a l y s i s  was o r i g i n a l l y  used  t o  r e d u c e  t h e  
e n t r a i n m e n t  d a t a  a c q u i r e d  f r o m  t h e  t e s t  t a n k .  The  
e n t r a i n m e n t  r a t e  was assumed t o  be a f u n c t i o n  o f  t h e  f o r m :
ue = f ( M0 j * N j , N * p ] « p2 * U i * U2* S * Ds ) ( 3 . 5 )
w h e r e :
N j  = j e t  p u l s i n g  f r e q u e n c y  
N = B r u n t - V a i s a 1 a ( n a t u r a l )  f r e q u e n c y
Ul = d y n a m ic  v i s c o s i t y  o f  u p p e r  l a y e r
U2 = d y n a m ic  v i s c o s i t y  o f  lo w e r  l a y e r
S = v e r t i c a l  d i s t a n c e  f r o m  j e t  t o  i n t e r f a c e
Ds = mass d i f f u s i v i t y  o f  s a l t  in  t h e  s y s te m  
A d i a g r a m  o f  t h e s e  p h y s i c a l  p a r a m e t e r s  i s  g i v e n  in  F i g u r e  
3 . 2 .  T h ro u g h  a p p l i c a t i o n  o f  t h e  B uck ingham  PI  t h e o r e m ,  
e l e v e n  d i m e n s i o n  1 e s s  g r o u p s  w e r e  f o u n d .  The m  g r o u p  
was c hosen  t o  be t h e  d e p e n d e n t  g r o u p .  The g ro u p s  a r e :  
m  = ue /  MOJ- 0 - 25 N j 0 * 5 
n2 = S N j 0 - 5 /  M0 j 0 - 25  
JI3 = N /  N j  
JI4 = p i  /  p2
115 = U2 /  Mo j  Nj  P2
JI6 = t i l  /  M0 j  N j  P2





















n8 = 115 /  H6 = U2 /  Wi
119 = IT4 /  IT8 = v l  /  vu
RIO = L N j 0 - 5 /  M0 j 0 - 25 
n n = n 2 / n i o  = s /  L
w h e r e :
L = 1e n g t h  o f  t a n k
v j  = k i n e m a t i c  v i s c o s i t y  o f  u p p e r  l a y e r
\>2 - k i n e m a t i c  v i s c o s i t y  o f  lo w e r  l a y e r
The r e s u l t i n g  II g r o u p s  make good s e n s e  p h y s i c a l l y .
The  n2 g r o u p  shows a  d i r e c t  d e p e n d e n c e  on t h e  d i s t a n c e  
f r o m  t h e  j e t  t o  t h e  i n t e r f a c e  and an  i n v e r s e  d e p e n d e n c e  t o  
t h e  j e t  momentum f l u x .  T h e r e f o r e ,  t h e  IT2  g r o u p  g e t s  
s m a l l e r  t h r o u g h  e i t h e r  c l o s e r  p r o x i m i t y  b e tw e e n  t h e  
i n t e r f a c e  and  t h e  j e t  e x i t  o r  g r e a t e r  j e t  momentum f l u x .
The  e n t r a i n m e n t  r a t e  s h o u l d  i n c r e a s e  a s  t h e  n2 g r o u p  
d e c r e a s e s  b e c a u s e  more e n e r g y  i s  a v a i l a b l e  f o r  i n t e r f a c i a l  
m i x i n g .  The 113 g r o u p  was t h e  one g r o u p  a n t i c i p a t e d  
d u r i n g  d i m e n s i o n a l  a n a l y s i s .  T h i s  t e r m  i s  t h e  r a t i o  o f  t h e  
n a t u r a l  f r e q u e n c y  t o  t h e  j e t  f r e q u e n c y  o f  t h e  s y s te m  a n d ,  
as  in  a n y  d y n a m ic  s y s t e m ,  can p l a y  a m a j o r  r o l e  in  s y s te m  
b e h a v i o r .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  m u l t i p l y i n g  
112 and 113 p r o d u c e s  a f o r m  o f  t h e  R i c h a r d s o n  
n u m b e r .  JT4 i s  t h e  r a t i o  o f  t h e  lo w e r  l e v e l  d e n s i t y  t o  
t h a t  o f  t h e  u p p e r  l e v e l  d e n s i t y .  An i n c r e a s e  in  t h i s  t e r m
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d e n o t e s  a g r e a t e r  d e n s i t y  s t e p  a c r o s s  t h e  i n t e r f a c i a l  l a y e r  
w h ic h  w i l l  r e s u l t  in  a s m a l l e r  e n t r a i n m e n t  r a t e  due t o  
g r e a t e r  g r a v i t a t i o n a 1 s t a b i l i t y  o f  t h e  s y s te m .  W i t h  a  
l a r g e  d e n s i t y  s t e p ,  t h e  j e t  does  n o t  p e n e t r a t e  t h e  lo w e r  
l a y e r  a s  f a r  as  w o u ld  be e x p e c t e d  w i t h  a s m a l l e r  d e n s i t y  
s t e p .  The n 7 g r o u p  i s  t h e  r a t i o  b e tw e e n  t h e  s y s t e m ' s  
t e n d e n c y  t o  r e m a in  s t a b l e  t h r o u g h  mass d i f f u s i o n  and  f o r c e d  
m i x i n g  by t h e  j e t .  The J19 g r o u p  is  t h e  r a t i o  o f  t h e  
k i n e m a t i c  v i s c o s i t i e s .  S i n c e  t h e s e  a r e  a n a lo g o u s  t o  t h e  
t e r m s  f o r  mass o r  h e a t  d i f f u s i v i t y ,  t h i s  t e r m  is  a n a lo g o u s  
t o  t h e  e f f e c t i v e n e s s  o f  t h e  j e t  momentum p r o p a g a t i o n  f r o m  
t h e  u p p e r  t o  t h e  lo w e r  s a l t  s o l u t i o n  l a y e r .  F i n a l l y ,  
n i l  i s  t h e  r a t i o  o f  t h e  v e r t i c a l  s c a l e  t o  t h e  
h o r i z o n t a l  s c a l e  o f  t h e  s y s t e m .
A l t h o u g h  t h e  1 i t e r a t u r e  i s  r i c h  w i t h  c a s e s  w h ere  t h e  
B uc k ingh am  P I  Theorem  has p r o v e d  t o  be o f  v a l u e ,  i t  was n o t  
u s e f u l  in  c o r r e l a t i n g  t h e  d a t a  in  t h i s  c a s e .  Weak t r e n d s  
w e r e  o b s e r v e d  b u t  t h e  d a t a  w e r e  s c a t t e r e d  s i g n i f i c a n t  1y .
In  a d d i t i o n ,  no a p p a r e n t  c o m b i n a t i o n  o f  n g r o u p s  w e re  
f o u n d  t h a t  r e s u l t e d  in  a c o r r e l a t i o n  o f  t h e  d a t a .
In  an e f f o r t  t o  d e v e l o p  an a p p r o p r i a t e  c o r r e l a t i o n  f o r  
t h i s  s y s te m  w i t h  r e l a t i o n  t o  p h y s i c a l  a r g u m e n t s ,  a  s eco nd  
m ethod was u s e d ;  u t i l i z i n g  a power  b a l a n c e .
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O b s e r v a t i o n s  o f  t h e  i n t e r f a c i a l  s y s te m  l e d  t o  t h e  use  
o f  t h e  i n t e r f a c e  as  t h e  c o n t r o l  vo lu m e c o n t a i n i n g  one  
s o u r c e  and tw o  s i n k s .  The e n e r g y  s o u r c e  was t h e  j e t  and  
t h e  s i n k s  w e re  t h e  i n c r e a s e  in  p o t e n t i a l  e n e r g y  d u r i n g  
e n t r a i n m e n t  o f  h e a v i e r  f l u i d  p a r c e l s  i n t o  t h e  u p p e r  f l u i d  
l a y e r ,  and  wave g e n e r a t i o n  a t  t h e  i n t e r f a c e  o f  t h e  tw o  
f l u i d  l a y e r s .  A power  b a l a n c e  y i e l d s :
P j  = Pd + Pe ( 3 - 6 )
w h e re  P r e f e r s  t o  pow er  an d  t h e  s u b s c r i p t s  j ,  d and  e r e f e r  
t o  t h e  j e t ,  waves and e n t r a i n m e n t ,  r e s p e c t i v e l y .  I t  was 
t h e n  n e c e s s a r y  t o  d e v e l o p  t h e s e  b a s i c  t e r m s  u s i n g  t h e  
p h y s i c a l  v a r i a b l e s  m e a s u re d  in  t h e  s y s te m .
3 . 2 . 1  JET POWER EQUATION DERIVATION  
J e t  momentum is  g i v e n  b y :
momentum = P  A j  . ( 3 . 7 )
w h e r e :
V = a v e r a g e  j e t  v e l o c i t y  
D i f f e r e n t i a t i n g  e q u a t i o n  3 . 7  w i t h  r e s p e c t  t o  t i m e  and  
s u b s t i t u t i n g  Q / A j  f o r  V g i v e s  ( O l s o n ,  1 9 8 0 ) :
P j  = p Q3 /  2 A j 2 ( 3 . 8 )
w h e r e :
Q = v o l u m e t r i c  f l o w  r a t e  o f  j e t
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3 . 2 . 2  POWER OF DEFORMATION ( IN TER FA C IA L  WAVES)
The po w e r  t r a n s m i t t e d  fn  a  t r a n s i e n t  wave was d e v e l o p e d  
by T i p l e r  ( 1 9 7 6 )  an d  i s  g i v e n  b y :
P = p w2 yQ2 Aw v ( 3 . 9 )
w h e r e :
y Q = wave a m p l i t u d e  
Aw = F r o n t a l  a r e a  oF  wave  
v = wave v e l o c i t y .
F i r s t  c o n s i d e r  t h e  d e n s i t y .  B ecause  t h e  waves a r e  a t  
t h e  i n t e r F a c e  oF  tw o  F l u i d  l a y e r s ,  t h e  Form oF  t h e  d e n s i t y  
was c h o s e n  t o  be t h e  d i F F e r e n c e  oF  t h e  d e n s i t i e s  oF  t h e  tw o  
l a y e r s .  The  d e n s i t y  oF  t h e  lo w e r  l a y e r  i s  c o n s t a n t  
a s s u m in g  n e g l i g a b l e  s a l t  d i F F u s i o n .  The v a l u e  oF  d e n s i t y  
F o r  t h e  lo w e r  1a y e r  i s  c a l c u l a t e d  From t h e  w e i g h t  p e r c e n t  
s a l t  c o n c e n t r a t i o n  in  t h e  i n i t i a l  lo w e r  l a y e r  s o l u t i o n .
The d e n s i t y  oF t h e  u p p e r  l a y e r  i n c r e a s e s ,  due t o  
e n t r a i n m e n t ,  as  t h e  e x p e r i m e n t  p r o g r e s s e s .  The w e i g h t  
p e r c e n t  s a l t  in  t h e  u p p e r  l a y e r  i s  F o u n d ,  F o r  a g i v e n  t e s t  
s e g m e n t ,  by  d i v i d i n g  t h e  d i F F e r e n c e  b e tw e e n  t h e  t o t a l  s a l t  
w e i g h t  and  t h e  w e i g h t  oF  s a l t  in  t h e  lo w e r  l a y e r  by  t h e  
d i F F e r e n c e  b e tw e e n  t h e  t o t a l  w e i g h t  oF w a t e r  and t h e  w e i g h t  
oF w a t e r  in  t h e  lo w e r  l a y e r .  U s in g  t h i s  v a l u e  F o r  w e i g h t  
p e r c e n t  t h e  u p p e r  l a y e r  d e n s i t y  i s  c a l c u l a t e d .
The a n g u l a r  F r e q u e n c y  w m ust  be in  t h e  Form:
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w = 2 n N ( 3 . 1 0 )
b e c a u s e ,  o n c e  e x c i t e d ,  t h e  i n t e r f a c e  w i l l  o s c i l l a t e  a t  i t s  
n a t u r a l  f r e q u e n c y ,  N.
The maximum wave a m p l i t u d e ,  y Q , w i l l  be  c o n s i d e r e d  
n e x t .  The d e f o r m a t i o n  o f  t h e  i n t e r f a c e  i s  a  d i r e c t  r e s u l t  
o f  t h e  j e t  im p i n g e m e n t ,  t h u s  t h e  a m p l i t u d e  o f  d e f o r m a t i o n  
can be d e t e r m i n e d  f r o m  a  b a l a n c e  o f  f o r c e s  b e tw e e n  t h e  j e t
momentum f l u x  and t h e  p r e s s u r e  a r e a  o r  b u o y a n c y  f o r c e s  t h a t
m ust  be o v e rc o m e  t o  d e f o r m  t h e  i n t e r f a c e .  The a s s u m p t io n  
has b een  made ( T u r n e r  1 9 8 6 )  t h a t  n e g l i g i b l e  momentum is  
l o s t  i n  t h e  j e t  b e tw e e n  t h e  e x i t  f r o m  t h e  d i f f u s e r  an d  t h e  
im p in g m e n t  on t h e  i n t e r f a c e .  Th ese  f o r c e s  a r e  shown in  
F i g u r e  3 . 3 .  The e q u a t  i on f o r  t h  i s i s :
Pl Q j 2 /  Aj  = 9 wt  2Wd 02 y 0 - ( 3 . 1 1 )
w h ic h  can  be s o l v e d  f o r  y Q . In  e q u a t i o n  3 . 1 1  
W-fc = w i d t h  o f  t h e  t e s t  t a n k  
Ŵ j = h a l f  w i d t h  o f  d e f o r m a t i o n  c a u s e d  by  
j e t
A l l  o f  t h e  t e r m s  i n  t h i s  e q u a t i o n  a r e  r e l a t i v e l y  e a s y  t o  
o b t a i n  f r o m  t h e  e x p e r i m e n t a l  d a t a  and t h e  t a n k  d i m e n s i o n s  
w i t h  one  e x c e p t i o n .  The one  f a c t o r  w h ic h  r e q u i r e s  f u r t h e r  
d e r i v a t i o n  i s  W^, t h e  h a l f  w i d t h  o f  t h e  i n t e r f a c e  
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To d e t e r m i n e  i t  i s  n e c e s s a r y  t o  use  t h e  v i s c o u s  
f l o w  t h e o r y  o f  j e t  b e h a v i o r .  From O ls o n  ( 1 9 8 0 )  t h e  
b o u n d a r y  o f  a j e t  f l o w  is  d e f i n e d  when t h e  r a t i o  u / u max 
e q u a l s  0 . 0 1 .  T h a t  i s ,  t h e  edge  o f  t h e  j e t  b o u n d a r y  l a y e r  
o f  a f l o w  i s  d e f i n e d  as  t h a t  p o i n t  w h e r e  t h e  v e l o c i t y  o f  
f  1 ow is  1 . 07. o f  t h e  v e  1 oc i t y  a t  i t s  max i mum. In  Da i 1 y  and  
H a r 1eman ( 1 9 6 6 ) ,  t h e  v e l o c i t y  p r o f i l e  f o r  a 2-d l i n e  j e t  i s  
g i v e n  a s :
u /  umax = e x p ( - y 2 /  2 C2 x 2 ) ( 3 . 1 2 )
w h e r e  C i s  a  c o n s t a n t  e q u a l  t o  0 . 1 0 9 .  F i g u r e  3 . 4
i l l u s t r a t e s  t h i s  t y p e  o f  j e t .  I n  t h i s  s t u d y  y = W^, t h e
h a l f  w i d t h  o f  t h e  j e t ,  and  x = S ,  t h e  d i s t a n c e  f r o m  t h e  j e t  
o p e n i n g  t o  t h e  p o i n t  i n  q u e s t i o n .  I n  t h i s  c a s e ,  x  i s  t h e  
d i s t a n c e  f r o m  t h e  j e t  t o  t h e  i n t e r f a c e .  C o m b in in g  t h e s e
t e r m s  and s o l v i n g  f o r  y i e l d s :
Wd = [ - 2  C2 S2 I n  ( 0 . 9 9 ) ] 0 - 5 . ( 3 . 1 3 )
S u b s t i t u t i n g  t h i s  i n t o  e q u a t i o n  3 . 1 2  and  s o l v i n g  f o r  
y Q g i v e s :
y 0 = ( P i Q j 2 ) /  ( 2 9 2 wt A j C - 2 Cz S2 l n ( 0 . 9 9 ) ] ° - 5 ) ( 3 . 1 4 )
Aw is  t h e  f r o n t a l  a r e a  o f  t h e  wave and can be  
d e t e r m i n e d  f r o m  t h e  e q u a t i o n :
Aŷ  = yQ W-£. ( 3 . 1 5 )






















Lamb ( 1 9 4 5 )  g i v e s  a n  e x p r e s s i o n  f o r  t h e  v e l o c i t y  o f  a  
t r a n s v e r s e  wave  a t  t h e  i n t e r f a c e  o f  t w o  f l u i d  l a y e r s  o f  
d i f f e r i n g  d e n s i t i e s .  The  e x p r e s s i o n  i s :
c 2 -  ( g / k )  [ (P2“ P1 ) / ( P 2+ P i ) 3 ( 3 . 1 6 )
w h e r e  c i s  t h e  wave  v e l o c i t y  a n d  k i s  t h e  w ave  n u m b e r ,
k = 2 JI /  A.
By d e f i n i t i o n  c » A f ,  f o r  a  w a v e .  S u b s t i t u t i n g  
f o r  c ,  N ,  a n d  k a n d  s o l v i n g  f o r  A a n d  t h e n  s o l v i n g  f o r  
c g i v e s  an  e q u a t i o n  f o r  w ave  v e l o c i t y  i n  t e r m s  o f  p h y s i c a l  
p a r a m e t e r s  m e a s u r e d  i n  t h i s  s t u d y :
v  -  ( g /2nN)X[<P2- P » , / <pa* p l ) ]  ( 3 . 1 7 )
S u b s t  i t u t  i ng e q u a t  io n s  3 . 1 0 ,  3 . 1 4 ,  an d  3 . 1 7  i n t o  
e q u a t  io n  3 . 9  g i v es  t h e  p o w e r  o f  d e f o r m a t i  on e q u a t  i o n :
Pd = ( p z ' p i l g  n wt  n [ ( p 2 ' p i ) / < p 2+ p i ) ] X
{ p i Q j 2 / 2gp2W1-A j [ - Z C 2S2 l n ( 0 . 9 9 > 0 - 5 ] ) 3 ( 3 . 1 8 )
3 . 2 . 3  POWER OF ENTRAINliENT
The e n t r a i n m e n t  p o w e r  i s  t h a t  p o w e r  consumed in  
c h a n g i n g  t h e  p o t e n t i a l  e n e r g y  o f  t h e  s y s te m  d u e  t o  r a i s i n g
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t h e  c e n t r o i d  o f  t h e  f l u i d  s y s te m .  The ch a n g e  in  p o t e n t i a l
e n e r g y  p e r  u n i t  t i m e  is  g i v e n  b y :
Pe = mg ( Z 2  -  z l ) •  ( 3 . 1 9 )
w h e r e :
Pe = c h a n g e  in  p o t e n t i a l  e n e r g y  f r o m  
e n t r a  i nment  
m = mass r a t e  o f  f l u i d  e n t r a i n e d  
z i  = i n i t i a l  e l e v a t i o n  o f  f l u i d  
z 2 = f i n a l  e l e v a t i o n  o f  f l u i d  
T h i s  e q u a t i o n  was d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  t i m e  t o
p r o d u c e  a power  e q u a t i o n  and p 2 A^-ue was 
s u b s t i t u t e d  f o r  m, t o  p r o d u c e  t h e  e q u a t i o n :
p e = P2  9 A-t Az ue . ( 3 . 2 0 )
3 . 2 . 4  DATA REDUCTION AND EQUATION DEVELOPMENT
W i t h  e q u a t i o n s  3 . 8 ,  3 . 1 8 ,  and 3 . 2 0  r e p r e s e n t i n g  t h e  
p o w er  o f  t h e  j e t ,  waves and e n t r a i n m e n t ,  r e s p e c t i v e l y ,  
v a l u e s  f o r  ea ch  w e r e  d e t e r m i n e d  f o r  e a c h  a c q u i r e d  d a t a  
p o i n t .  T h e s e  v a l u e s  a r e  shown in  T a b l e  3 . 1 .  The wave  
power  t e r m s  w e r e  n e g l e c t e d  s i n c e  t h e y  a r e  s e v e r a l  o r d e r s  o f  
m a g n i t u d e  s m a l l e r  t h a n  t h o s e  f o r  t h e  o t h e r  t e r m s .  The  
r e m a i n i n g  t e r m s  w e r e  t h e n  o r g a n i z e d  i n t o  t h e  d im ens  io n  1 ess  
g r o u p s  g i v e n  in  e q u a t i o n  3 . 1 .  V a lu e s  f o r  t h e s e  g r o u p s  a r e  






Pj Pe Pd U/Ue Moj /  2g,
1 .1 2E -0 3 2 • 03E-02 5 .5 1 E -0 8 2 .8 4 E -0 1 1 .7 2 E -0 1
1 • 12E-03 6 .0 9 E -0 3 1 .5 1E -0 8 1 . 62E-01 3 .0 1 E -0 1
1 .0 2 E -0 3 3 .5 7 E -0 3 6 .7 6E -0 9 1 • 28E-01 3 .6 8 E -0 1
1 .1 1 E -0 3 1 .4 3 E -0 3 5 .3 8 E -0 9 7 .5 1E -0 2 6 .4 6 E -0 1
1 .0 9 E -0 3 4 .3 4 E -0 3 3 .8 6 E -0 9 1 . 38E-01 3 .5 0 E -0 1
1 .0 2 E -0 3 1 . 40E-03 2 .7 7 E -0 9 8 .02E -02 5 .8 9 E -0 1
1 .0 6E -0 3 3 • 01E-03 2 . 41E-09 1 .1 7E -0 1 4 . 06E-01
7 .8 1 E -0 4 1 .3 1 E -0 3 1 .3 4E -0 8 1 . 15E-01 3 .7 7 E -0 1
7 .8 8 E -0 4 9 .5 9 E -0 4 1 .0 7E -0 8 1 . 03E-01 4 . 23E-01
9 .3 2 E -0 4 2 • 43E-03 1 .2 5E -0 8 1 . 55E-01 2 .9 7 E -0 1
8 .0 2 E -0 4 2 .3 9 E -0 3 7 .6 1 E -0 9 1 .4 7 E -0 1 2 .9 7 E -0 1
8 .9 3 E -0 4 5 .0 7 E -0 4 7 .4 4 E -0 9 7 .1 7E -0 2 6 • 32E-01
7 .0 3 E -0 4 7 .0 6 E -0 4 3 .8 6 E -0 9 1 .2 3 E -0 1 3 .3 9 E -0 1
8 .3 5 E -0 4 1 .8 9 E -0 4 5 .2 0 E -0 9 4 .4 7E -0 2 9 .9 0 E -0 1
8 .4 2 E -0 4 1 .9 8E -0 3 4 .6 0 E -0 9 1 .0 2 E -0 1 4 .3 4 E -0 1
8 . 3 IE —04 1 .1 7 E -0 3 3 . 67E-09 7 .5 1E -0 2 5 • 88E-01
8 .3 4 E -0 4 1 .3 1E -0 3 2 .9 1 E -0 9 7 .3 2E -0 2 6 • 03E-01
8 .0 6 E -0 4 6 .8 3 E -0 4 2 • 22E-09 5 . 81E-02 7 .5 2 E -0 1
8 .0 1 E -0 4 3 .0 5 E -0 4 1 .8 7E -0 9 4 .0 7E -0 2 1.07E+00
8 .5 5 E -0 4 1 . 81E-04 1 .8 7E -0 9 3 .0 7E -0 2 1 • 45E+00
7 .8 2 E -0 4 3 .5 9 E -0 4 1 .4 3E -0 9 4 .4 6E -0 2 9 .6 8 E -0 1
8 .2 1 E -0 4 7 . 08E—04 1 .4 4E -0 9 6 . 15E-02 7 .1 4 E -0 1
7 .7 6 E -0 4 3 .0 5 E -0 4 1 .2 1E -0 9 4 • H E —02 1 . 05E+00
7 .9 2 E -0 4 1 .5 3 E -0 3 1 .1 4E -0 9 9 .1 5E -0 2 4 .7 3 E -0 1
1 .0 8E -0 3 2 .5 1 E -0 2 4 .2 4 E -0 7 4 .7 5 E -0 1 1 .0 2 E -0 1
1 .2 3E -0 3 4 .9 7 E -0 3 9 .1 4 E -0 8 2 • 02E-01 2 .5 0 E -0 1
1 .0 7E -0 3 6 .4 6E -0 3 3 .8 4E -0 8 2 .2 0 E -0 1 2 .1 8 E -0 1
1 .1 1E -0 3 2 .7 9 E -0 3 2 . 38E-08 1 .5 6E -0 1 3 .1 2 E -0 1
1 .0 4E -0 3 1 .2 4E -0 3 1 .4 7E -0 8 1 .0 7E -0 1 4 .4 6 E -0 1
1 .1 3E -0 3 4 .9 7 E -0 3 1 . 42E-08 2 .0 7 E -0 1 2 • 36E-01
1 .0 1E -0 3 1 . 24E-03 7 .8 4 E -0 9 1 . 07E-01 4 .3 8 E -0 1
1 .0 9E -0 3 2 .7 9 E -0 3 7 .5 6 E -0 9 1 .5 7 E -0 1 3 .0 6 E -0 1
1 .1 2E -0 3 3 • H E —04 6 . 22E-09 5 . 21E-02 9 .3 4 E -0 1
1 .1 5E -0 3 3 . 11E-04 5 .6 8 E -0 9 5 .1 6E -0 2 9 • 51E-01
1 .0 7E -0 3 3 .0 7E -0 4 4 • 55E-09 5 • 22E-02 9 .1 6 E -0 1
1 .1 4E -0 3 1 .2 4E -0 3 4 .8 3 E -0 9 1 .0 3 E -0 1 4 .7 4 E -0 1
9 .5 0 E -0 4 1 .2 4E -0 3 2 .8 9E -0 9 1 .1 0 E -0 1 4 .2 0 E -0 1
1 .0 6E -0 3 3 . 11E-04 3 .5 1E -0 9 5 . 29E-02 9 .0 3 E -0 1
1 .1 8E -0 3 2 . 79E-03 4 .0 2E -0 9 1 .5 3E -0 1 3 • 22E-01
1 .0 2E -0 3 3 .1 1 E -0 4 3 .4 9E -0 9 5 . 36E-02 8 .7 8 E -0 1
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9 .9 2 E -0 4 1 .2 3E -0 2 7 .6 8E -0 8 4 .4 3 E -0 1 1 .0 6 E -0 1
9 .8 7 E -0 4 2 .09E -03 4 .2 4E -0 8 1.41E—01 3 .3 3 E -0 1
1 .0 7 E -0 3 2 .9 0E -0 3 3 . 14E-08 1 .6 2E -0 1 2 .9 8 E -0 1
9 .1 9 E -0 4 3 .2 2E -0 4 1 .73E -08 5 .6 7E -0 2 8 • 08E-01
9 .5 6 E -0 4 2 .64E -03 1 .53E -08 1 . 60E-01 2 .9 0 E -0 1
1 .0 1 E -0 3 3 .09E -03 1 .40E -08 1 .2 0 E -0 1 3 • 93E-01
9 .9 1 E -0 4 1 .60E -03 8 .7 9 E -0 9 8 .7 1E -0 2 5 • 38E-01
1 .0 0 E -0 3 2 • 63E-03 6 .6 9E -0 9 1 .1 1 E -0 1 4 .2 4 E -0 1
9 .2 4 E -0 4 3 • 48E-03 4 .6 1 E -0 9 1 .3 1 E -0 1 3 .4 8 E -0 1
9 .7 8 E -0 4 1 .26E -04 4 .6 8 E -0 9 2 .4 4E -0 2 1.91E+00
9 .8 1 E -0 4 3 .3 8E -0 4 3 . 54E-09 4 . 00E-02 1.16E+00
9 .3 9 E -0 4 1 .08E -03 2 .7 4E -0 9 7 .2 7E -0 2 6 .3 2 E -0 1
9 • 2 IE —04 1 .10E -03 2 .4 0E -0 9 5 .2 2E -0 2 8 .7 4 E -0 1
9 . 15E-04 5 .8 1E -0 4 1 .8 8E -0 9 3 .80E -02 1.20E+00
9 . 11E-04 1 .03E -03 1 .7 5E -0 9 5 .0 7E -0 2 8 .9 6 E -0 1
3 . 00E-04 6 . 11E-04 4 .9 9 E -0 9 9 .6 0E -0 2 3 .2 9 E -0 1
3 .4 3 E -0 4 1 .50E -03 4 .6 3E -0 9 1 .7 0E -0 1 1 .9 4 E -0 1
2 .6 2 E -0 4 1 .98E -04 2 •3 IE —09 6 .7 4E -0 2 4 .4 7 E -0 1
3 . 08E-04 3 .88E -04 2 .8 7 E -0 9 6 .34E -02 5 .0 2 E -0 1
3 . 19E-03 3 .00E -03 2 .2 6E -0 7 8 .08E -02 8 .5 8 E -0 1
5 .5 8 E -0 5 2 .50E -03 4 .3 9 E -1 1 2 .8 4 E -0 1 6 .3 3E -0 2
7 . 62E-04 3 .45E -03 5 .4 0E -0 9 1.39E —01 3 .0 8 E -0 1
7 .6 5 E -0 4 3 .39E -03 4 .0 2E -0 9 1 .0 9 E -0 1 3 .9 4 E -0 1
7 .8 1 E -0 4 1 .46E -03 2 • 77E—09 8 .5 7E -0 2 5 .0 4 E -0 1
7 .6 0 E -0 4 7 .3 8E -0 4 1 .9 4E -0 9 6 .45E -02 6 .6 4 E -0 1
7 .6 1 E -0 4 9 .46E -04 1 .75E -09 5 .6 0E -0 2 7 .6 5 E -0 1
7 .7 2 E -0 4 1 .43E -03 1 .90E -09 8 .9 2E -0 2 4 .8 2 E -0 1
7 .7 9 E -0 4 7 .08E -04 1 .0 7E -0 9 6 .2 5E -0 2 6 .8 9 E -0 1
7 .4 0 E -0 4 6 .50E -03 1 .0 4E -0 9 1 . 93E-01 2 .1 9 E -0 1
6 .2 0 E -0 4 4 .97E -03 3 . 17E-08 2 .5 4 E -0 1 1 .5 8 E -0 1
6 .2 3 E -0 4 2 .79E -03 1 .76E -08 1 .9 0E -0 1 2 .1 2 E -0 1
5 .7 5 E -0 4 1 . 24E-03 9 .9 7E -0 9 1 .3 0E -0 1 3 .0 1 E -0 1
6 .1 6 E -0 4 1 . 24E-03 8 .90E -09 1 .2 7E -0 1 3 . 15E-01
6 • 10E-04 1 . 24E-03 6 .90E -09 1.27E —01 3 .1 3 E -0 1
5 .7 8 E -0 4 1 . 24E-03 4 .9 6E -0 9 1 .2 9E -0 1 3 .0 2 E -0 1
5 .5 1 E -0 4 3 . H E —04 4 .0 1E -0 9 6 .59E -02 5 .8 4 E -0 1
6 • 34E—04 1.24E -03 4 .37E -09 1 .2 6E -0 1 3 . 2 IE —01
5 .5 4 E -0 4 3 .11E -04 3 . 00E-09 6 .58E -02 5 .8 5 E -0 1
5 .7 6 E -0 4 3 .11E -04 2 .85E -09 6 .50E -02 6 .0 1 E -0 1
5 .2 6 E -0 4 1.24E -03 2 . 06E-09 1 .33E -01 2 .8 4 E -0 1
5 .7 6 E -0 4 3 . 11E-04 2 .27E -09 6 .49E -02 6 . 01E-01
5 .9 5 E -0 4 3 • 11E-04 2 .22E -09 6 .42E -02 6 .1 3 E -0 1
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1 .27E -03 5 .2 7E -0 3 4 .76E -07 2 .0 9E -0 1 2 .5 2 E -0 1
1 • 3 IE —03 6 . 65E-03 2 • 74E—07 2 • 12E-01 2 .5 1 E -0 1
1.39E -03 4 .4 7E -0 3 1 .76E -07 1 .7 0E -0 1 3 .1 8 E -0 1
1 • 3 IE —03 2 .0 0E -0 3 1 .06E -07 1 .2 7E -0 1 4 .1 7 E -0 1
1 • 24E—03 1 .81E -03 7 .5 2E -0 8 1 .2 3E -0 1 4 .2 1 E -0 1
1.22E -03 9 .8 8E -0 4 5 • 69E—08 9 .14E -02 5 .6 5 E -0 1
1 . 26E—03 1 .66E -03 5 .13E -08 1 .1 7E -0 1 4 .4 4 E -0 1
1.29E -03 1 .0 8E -0 3 4 . 68E-08 9 .39E -02 5 .5 9 E -0 1
1.40E -03 1 .01E -03 4 .5 9E -0 8 6 .25E -02 8 .6 1 E -0 1
1.38E -03 2 .0 5E -0 3 3 .40E -08 8 • 52E-02 6 .2 8 E -0 1
1.45E -03 2 .0 7E -0 3 7 .4 9E -0 8 8 .81E -02 6 .1 8 E -0 1
1 . 36E—03 3 .70E -04 2 .2 3E -0 8 3 .81E -02 1.40E+00
1.35E -03 7 .8 7E -0 4 1 .80E -08 5 .56E -02 9 .5 2 E -0 1
1.42E -03 9 .9 7E -0 4 1 . 83E-08 6 . 14E-02 8 .7 7 E -0 1
1.39E -03 6 .9 0E -0 4 1 .59E -08 5 .14E -02 1 • 04E+00
1.36E -03 1 .72E -03 1 .27E -08 8 .17E -02 6 .4 9 E -0 1
2 .66E -04 4 .3 6E -0 4 2 .3 0E -1 0 7 .8 4E -0 2 3 .8 4 E -0 1
9 .42E -04 1 .55E -03 2 .48E -07 1 .2 5E -0 1 3 .8 1 E -0 1
8 .46E -04 4 .4 6E -0 4 1 .45E -07 6 .97E -02 6 .6 1 E -0 1
1 .05E -03 2 .4 2E -0 3 1 .85E -07 7 .97E -02 6 .2 0 E -0 1
1 .23E -03 1 .61E -03 1 .40E -07 6 .51E -02 7 .9 8 E -0 1
1.01E -03 5 .1 8E -0 4 6 • 18E—08 4 .9 9E -0 2 9 .7 3 E -0 1
1 .03E -03 5 .7 6E -0 4 5 .50E -08 5 .2 1E -0 2 9 . 38E—01
1.02E -03 6 .0 3E -0 4 4 . 4 IE —08 5 .36E -02 9 .0 8 E -0 1
1 • 3 IE —03 6 .26E -04 5 .99E -08 5 .03E -02 1 . 05E+00
9 .77E -04 6 .03E -04 2 .94E -08 5 .44E -02 8 .8 0 E -0 1
9 .94E -04 5 .0 5E -0 4 2 .64E -08 3 .40E -02 1.41E+00
1.01E -03 5 .25E -04 2 .15E -08 3 .55E -02 1.36E+00
9 .84E -04 9 .6 6E -0 4 1 .67E -08 3 .78E -02 1 . 27E+00
9 .84E -04 9 • 03E—05 1 .30E -08 1 .38E -02 3 . 46E+00
9 .79E -04 2 .4 2E -0 4 1 .13E -08 2 .43E -02 1.96E+00
1.10E -03 4 .8 0E -0 4 1 .26E -08 2 .94E -02 1.69E+00
1.13E -03 2 .6 7E -0 4 1 .24E -08 2 .01E -02 2.48E +00
8 .90E -04 1 .58E -03 2 .25E -07 1 .2 9E -0 1 3 . 64E—01
9 .30E -04 1 .50E -03 1 .83E -07 9 .22E -02 5 .1 5 E -0 1
8 .81E -04 6 .9 5E -0 4 1 .15E -07 6 .39E -02 7 .3 0 E -0 1
9 .30E -04 1 .08E -03 9 .75E -08 7 .4 3E -0 2 6 .3 8 E -0 1
8 .61E -04 6 .90E -04 6 .48E -08 6 .08E -02 7 .5 9 E -0 1
8 .89E -04 4 .3 1E -0 4 5 .60E -08 4 .76E -02 9 .7 9 E -0 1
9 .17E -04 5 .40E -04 4 .87E -08 5 .26E -02 8 .9 5 E -0 1







Pj Pe Pd U/Ue Moj /  2gAj d e l  Z
2 .3 7 E -0 3 7 .73E -04 2 .50E -07 3 • 88E-02 1.66E+00
2 . 30E-04 3 . 10E-04 1 .93E -09 4 .9 9 E -0 2 5 .9 4 E -0 1
8 .5 1 E -0 4 4 .8 9E -0 4 2 • 18E-08 4 .1 9 E -0 2 1.09E+00
8 .4 3 E -0 4 1 .75E -04 1 . 82E-08 2 . 5 I E - 02 1.82E+00
8 .6 4 E -0 4 2 .80E -04 1 .65E -08 3 • 15E-02 1.46E+00
8 .3 3E -0 4 2.46E -04 1.35E—08 2 .9 9 E -0 2 1.52E+00
8 .4 8 E -0 4 7 .08E -04 1.26E -08 5 . 03E-02 9 .0 6 E -0 1
8 .2 6E -0 4 2 .66E -04 1 . 12E-08 3 • 11E-02 1.45E+00
8 .3 5E -0 4 6 .8 1E -0 5 1 .03E -08 1 .5 7E -0 2 2 • 89E+00
8 .1 3 E -0 4 1 .02E -04 8 .89E -09 1 .9 4E -0 2 2.31E+00
8 .2 5 E -0 4 1 .38E -04 8 .63E -09 2 .2 4E -0 2 2.01E+00
1 .1 2E -0 3 1.64E -04 1 .48E -08 2 .8 4E -0 2 1.76E+00
5 .6 2 E -0 4 8 .91E -03 1 .28E -07 2 .8 2 E -0 1 1 .4 3 E -0 1
5 .9 3 E -0 4 4 .73E -04 6.45E -08 4 .8 1 E -0 2 8 .4 9 E -0 1
5 .8 3 E -0 4 6 .30E -04 4 .5 3E -0 8 6 . 32E-02 6 .4 2 E -0 1
5 .9 5 E -0 4 4 . 24E-04 3 .79E -08 4 •73E-02 8 .6 3 E -0 1
5 .6 3 E -0 4 3 .69E -04 2 .73E -08 4 .3 3 E -0 2 9 .2 5 E -0 1
6 .8 2 E -0 4 3 .77E -04 3 .29E -08 4 .1 0 E -0 2 1.04E+00
6 .6 0 E -0 4 3 • 23E-04 2 .58E -08 3 .5 9E -0 2 1.17E+00
5 .3 5 E -0 4 4 .5 7E -0 4 1 .46E -08 3 • 53E-02 1.11E+00
1 .9 4E -0 2 1 .76E -04 1 . 32E-05 7 .4 8 E -0 3 1.74E+01
7 . 79E-04 9 .5 9E -0 5 1 . 84E-08 1 .5 1E -0 2 2.94E+00
5 .9 2 E -0 4 4 .09E -04 9 .36E -09 3 • 42E-02 1.19E+00
5 .1 3 E -0 4 5 .8 7E -0 5 6.18E -09 1 . 36E-02 2.85E+00
1 .5 4 E -0 3 1 . 58E-04 4 • 80E-08 1 . 28E-02 4.36E+00
4 .2 3 E -0 4 4 .18E -04 3 .10E -09 3 .2 9E -0 2 1.10E+00
3 . 65E-04 1 .10E -04 2 • 03E—09 1 .8 6E -0 2 1.85E+00
4 .1 9 E -0 3 3 .9 0E -0 1 1 .74E -05 1.53E+00 4 .9 5 E -0 2
3 .2 6E -0 3 6.68E -02 9 .75E -08 8 • 43E-01 8 .2 4 E -0 2
4 • 55E-03 5 .36E -02 9 .35E -08 5 . 51E-01 1 . 41E-01
7 .9 9 E -0 3 3 .30E -02 1 . 63E-07 3 .5 8 E -0 1 2 • 60E-01
4 .8 5E -0 3 1 .78E -01 6 .49E -06 8 • 56E-01 9 .3 4 E -0 2
4 .4 3E -0 3 1.80E -02 2 .80E -07 2 . 80E-01 2 .7 5 E -0 1
4 .8 1E -0 3 2 .67E -02 1 .45E -07 3 .3 2 E -0 1 2 • 39E—01
4 • 59E—03 1.18E -02 8 .21E -08 2 .2 4 E -0 1 3 .4 8 E -0 1
4 .4 7 E -0 3 9 .68E -03 5 . 32E-08 2 .0 4 E -0 1 3 .7 8 E -0 1
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3 .85E -03 1.71E-01 3 .7 6E -0 6 9 .06E -01 8 .1 5E -0 2
3.81E -03 2.99E-02 1 .73E -07 3 .78E -01 1 .9 3 E -0 1
3 .70E -03 2.12E-02 7 .51E -08 3 .21E -01 2 .2 5 E -0 1
3 .60E -03 1.69E-02 3 .97E -08 2 .90E -01 2 .4 6 E -0 1
3.97E -03 3.03E-03 3 . 77E-08 1.19E -01 6 .2 2 E -0 1
1 • 23E-02 6.85E-02 1 .1 5E -0 5 3 .48E -01 3 .1 3 E -0 1
1 .28E -02 2 . 16E-02 2 .1 6E -0 6 3 .0 4E -0 1 3 .6 2 E -0 1
1 .27E -02 9 . 62E—03 1 .61E -06 2 .04E -01 5 .3 8 E -0 1
1..24E-02 6.73E-03 1 .2 9E -0 6 1.72E -01 6 .3 3 E -0 1
1 .16E -02 6.97E-03 8 .8 7E -0 7 1 .79E -01 5 .9 5 E -0 1
1 .09E -02 5.49E-03 6 .33E -07 1 .62E -01 6 .4 2 E -0 1
1 .31E -02 2 . 83E-03 8 . 4 IE —07 8.93E -02 1.24E+00
1 . 14E-02 7.08E-03 4 .2 7E -0 7 1 .81E -01 5 .8 4 E -0 1
1 .20E -02 3.33E-03 4 .3 0E -0 7 9 .97E -02 1.08E+00
1.20E -02 5.42E-03 3 .88E -07 1 .27E -01 8 .4 2 E -0 1
1 .17E -02 1.83E-03 3 .16E -07 7 .44E -02 1 • 43E+00
1.16E -02 1.51E-02 4 .3 7E -0 5 2 .2 0E -0 1 5 .0 3 E -0 1
1 .09E -02 9.83E-03 1 .87E -05 1 .80E -01 5 .9 9 E -0 1
1 .10E -02 9.35E-03 1 . 13E—05 1.23E -01 8 .7 6 E -0 1
1 .10E -02 5.26E-03 5 .8 7E -0 6 9 .26E -02 1.16E+00
1 .04E -02 5.26E-03 3 • 51E—06 9 .43E -02 1.12E+00
1 .07E -02 2.09E-03 2 .6 1E -0 6 5 .87E -02 1 • 81E+00
1.04E -02 1.98E-03 1 .8 2E -0 6 5 .76E -02 1.82E+00
1.00E -02 2.85E-03 1 .39E -06 5.43E -02 1.91E+00
1.05E -02 2.62E-03 1 .0 7E -0 6 5 .12E -02 2 . 04E+00
1 . 01E-02 3.03E-03 8 .4 4E -0 7 4 .88E -02 2 . 12E+00
1.03E -02 3 • 45E-03 6 .0 5E -0 7 5 .90E -02 1.76E+00
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same d a t a  s e t  and a r e  p l o t t e d  in  F i g u r e  3 . 1 .
3 . 3  QU A LITATIVE OBSERVATIONS OF SYSTEM BEHAVIOR
A f t e r  a  s h o r t  t r a n s i e n t  p e r i o d ,  t h e  f l u i d  m o t i o n  w i t h i n  
t h e  t e s t  t a n k  was s t e a d y  t h r o u g h o u t  e a c h  t e s t  s e g m e n t .
F i g u r e  3 . 5  i l l u s t r a t e s  t h e  f l u i d  m o t i o n  o b s e r v e d  in  t h e  
u p p e r  l a y e r  o f  t h i s  s y s t e m .  A r o l 1 c e l l  d e v e l o p e d  on  
e i t h e r  s i d e  o f  t h e  j e t .  T h e s e  r o l l  c e l l s  w e r e  o b s e r v e d  by  
m o v in g  t h e  s hadow graph  so t h a t  i t  i l l u m i n a t e d  t h e  t a n k  t o  
o n e  s i d e  o f  t h e  j e t .  The c e l l s  e x h i b i t e d  r o t a t i o n  in  
d i r e c t i o n s  o p p o s i t e  f r o m  e a c h  o t h e r  b u t  w i t h  a downward  
m o t i o n  on t h e  s i d e  a d j a c e n t  t o  t h e  j e t .  The c e l l s  w e re  
r o u g h l y  c i r c u l a r  an d  t h u s  d i d  n o t  e x t e n d  t h r o u g h  t h e  e n t i r e  
h o r i z o n t a l  e x t e n t  o f  t h e  u p p e r  f l u i d  l a y e r .  On t h e  s i d e  o f  
t h e  c e l  Is  away  f r o m  t h e  j e t ,  a  f l o w  o f  t h e  lo w e r  l e v e l  
f l u i d  c o u l d  be seen t r a v e l i n g ,  t a n g e n t  t o  t h e  r o l l  c e l l  as  
i t  was d ra w n  i n t o  t h e  u p p e r  l e v e l  f l u i d ,  t h e n  f a l l i n g  b a c k  
t o  t h e  lo w e r  l e v e l  on an  a r c h e d  t r a j e c t o r y .  T h i s  f l o w  was 
c r e a t e d  d i r e c t l y  by  t h e  j e t .
The j e t  was d e s i g n e d  t o  o p e r a t e  in  a p u l s e d  mode as  
d e s c r i b e d  e a r l i e r .  T h i s  p u l s i n g  a c t u a l l y  had l i t t l e  e f f e c t  
on t h e  im p in g e m e n t  i n t o  t h e  i n t e r f a c e  s i n c e  t h e  p u l s e s  in  
t h e  h i g h e r  f r e q u e n c y  e x p e r i m e n t s  b l u r r e d  i n t o  a s i n g l e  f l o w  




































j e t .  The p u l s e s  in  t h e  low f r e q u e n c y  e x p e r i m e n t s  w e re  o f  
s u f f i c i e n t  d u r a t i o n  t h a t  t h e  e f f e c t  on t h e  i n t e r f a c e  was o f  
a c o n t i n u o u s  j e t  a p p l i e d  f o r  a  s h o r t  t e r m  r a t h e r  t h a n  a 
p u 1sed j e t .
The  c e n t e r  b e s t  f i t  l i n e  on F i g u r e  3 . 1  r e p r e s e n t s  d a t a  
f r o m  e x p e r i m e n t s  11* 1 2 ,  a n d  13 .  T h e s e  e x p e r i m e n t s  i n c l u d e  
t h e  h i g h  and  low f r e q u e n c i e s  p o s s i b l e  w i t h  t h i s  s y s t e m .  A 
t o t a l  o f  o n l y  14 d a t a  p o i n t s  w e re  o b t a i n e d  d u r i n g  t h e s e  
e x p e r i m e n t s  so t h e  e x a c t  e q u a t i o n  o f  t h e  b e s t  f i t  l i n e  i s  
o f  n o m in a l  v a l u e ,  h o w e v e r ,  t h e  p o s i t i o n  o f  t h i s  d a t a  
r e l a t i v e  t o  t h e  o t h e r  d a t a  i s  u s e f u l .  T h e s e  e x p e r i m e n t s  
w e r e  c o n d u c t e d  w i t h  10 p s i g  a i r  p r e s s u r e  in  t h e  p r e s s u r e  
t a n k  i n s t e a d  o f  5 p s i g  w h ic h  was used  in  t h e  o t h e r  
e x p e r i m e n t s .  T h i s  p r o v i d e s  more power  t o  t h e  s y s t e m .  
T h e r e f o r e ,  a s m a l l e r  p e r c e n t a g e  o f  t h e  power  i s  u sed  in  
o v e r c o m i n g  f r i c t i o n  and i n e r t i a l  e f f e c t s  in  t h e  f l o w  l i n e s  
an d  more power  i s  a v a i l a b l e  f o r  e n t r a i n m e n t  a t  t h e  
i n t e r f a c e .  S i m i l a r  r e a s o n i n g  e x p l a i n s  t h e  p o s i t i o n  o f  t h e  
c o n t i n u o u s  f l o w  d a t a .  S i n c e  a  s t e a d y  f l o w  m ust  n o t  o v e r  
come i n e r t i a l  e f f e c t s  o n c e  i t  i s  e s t a b l i s h e d ,  more pow er  is  
a v a i l a b l e  f o r  e n t r a i n m e n t .
The i n t e r f a c e  was d e f o r m e d  by  t h e  j e t  i n t o  a c u r v e d  
d e p r e s s i o n  w i t h  a w i d t h  e q u a l  t o  t h e  w i d t h  o f  t h e  j e t  a t  
t h e  i n t e r f a c e .  A l t h o u g h  t h i s  d e p r e s s i o n  r e m a i n e d  p r e s e n t
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d u r i n g  ea ch  t e s t  s e g m e n t ,  t h e  s u r f a c e  o f  t h e  d e p r e s s i o n  
was q u i t e  a c t i v e ,  as  shown i n  F i g u r e s  3 . 6  and 3 . 7 .  As 
f l u i d  f r o m  t h e  j e t  s t r u c k  t h e  i n t e r f a c e ,  s m a l l e r  s c a l e  
d e p r e s s i o n s  w i t h i n  t h e  o v e r a l l  d e p r e s s i o n  w o u ld  be s e e n .  
T h e s e  s m a l l e r  d e p r e s s i o n s  w e r e  t h e  r e s u l t  o f  s m a l l  s c a l e  
t u r b u l e n c e .  A R e y n o ld s  number o f  30 o r  g r e a t e r  i s  d e f i n e d  
as  t u r b u l e n t  f l o w ,  b a s e d  on t h e  j e t  s l o t  w i d t h  and  i n i t i a l  
j e t  v e l o c i t y  ( D a i l y  and H a r le m a n  1 9 6 6 ) .  S i n c e  t h e  j e t  had  
a minimum R e y n o ld s  number a t  t h e  j e t  o p e n i n g  f o r  a n y  
e x p e r i m e n t  o f  a p p r o x i m a t e ! y  6 0 0 ,  t h e  j e t  was t u r b u l e n t .  
H o w e v e r ,  a n y  g i v e n  s p o t  on t h e  i n t e r f a c e  w o u ld  h a v e  a 
d i r e c t  f o r c e  f r o m  t h e  j e t  f o r  o n l y  a l i m i t e d  t i m e ,  
t h e r e f o r e ,  when t h e  t u r b u l e n c e  was n o t  a c t i n g  on such a 
s p o t ,  t h e  i n t e r f a c e  in  t h a t  l o c a t i o n  w o u ld  r e c o v e r ,  t h i s  i s  
s i m i l a r  t o  t h e  r e s p o n c e  o f  t h e  f r e e  s u r f a c e  o f  w a t e r  t o  
mu 11 i p 1e f a  1 1 i ng d r o p s . Th i s p a r c e 1 o f  f l u i d  t h a t  
r e c o v e r e d  w o u ld  c o n t a i n  f l u i d  f r o m  t h e  lo w e r  l a y e r .  A t  
some p o i n t  d u r i n g  t h i s  r e s p o n s e ,  t h e  p a r c e l  w o u ld  be  
s h e a r e d  by t h e  j e t  f l o w .  A p o r t i o n  o f  t h i s  f l u i d  w o u ld  
t h e n  be  c a u g h t  up in  t h e  r o l l  c e l l s  a n d ,  t h r o u g h  m i x i n g  and  
d i f f u s i o n ,  w o u ld  be a t  l e a s t  p a r t i a l l y  i n c o r p o r a t e d  i n t o  
t h e  u p p e r  l e v e l .  O t h e r  p a r c e l s  w o u ld  be c a r r i e d  upw ard  b u t  
w o u ld  f a l l  b a c k  i n t o  t h e  lo w e r  l a y e r  w i t h o u t  b e i n g  
i n c o r p o r a t e d  i n t o  t h e  u p p e r  l a y e r .
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Away f r o m  t h e  d e p r e s s i o n  c a u s e d  by  t h e  j e t ,  t h e  
i n t e r f a c e  e x p e r i e n c e d  movement f r o m  t r a n s v e r s e  w a v e s .
T h e s e  waves moved away f r o m  t h e  j e t  and had a f r e q u e n c y  
i n d e p e n d e n t  o f  t h a t  o f  t h e  j e t .  W h i l e  i t  was n o t  p o s s i b l e  
t o  m e a s u re  t h i s  f r e q u e n c y  d i r e c t l y ,  i t  i s  b e l i e v e d  t o  be  
t h e  B r u n t - V a i s a l a  o r  b u o y a n c y  ( n a t u r a l )  f r e q u e n c y  r e s u l t i n g  
f r o m  t h e  i n t e r f a c i a l  d e n s i t y  s t e p .  When a t e s t  segm ent  was 
c o m p l e t e d ,  t h e  f l u i d  was a l l o w e d  t o  come t o  r e s t .  A t  t h i s  
p o i n t  waves w e r e  o b s e r v e d  w i t h  t h e  a i d  o f  t h e  shadow graph  
m o v in g  away f r o m  t h e  c e n t e r  o f  t h e  t a n k ,  b u t  no waves w e re  
o b s e r v e d  r e f l e c t i n g  f r o m  t h e  ends o f  t h e  t a n k .  T h i s  
s u g g e s t s  t h a t  t h e  waves o b s e r v e d  d u r i n g  t h e  t e s t s  w e re  
t r a v e l i n g  r a t h e r  t h a n  s t a n d i n g  waves and t h a t  t h e  dam ping  
s y s te m  a t  t h e  t a n k  ends p e r f o r m e d  w e l 1. None o f  t h e s e  
waves w e r e  seen  t o  b r e a k ,  s u g g e s t i n g  low wave e n e r g y  
l e v e l s .  T h i s  i s  in  a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  v a l u e s  
shown in  T a b l e  3 . 1  and s u p p o r t s  t h e  d e c i s i o n  t o  n e g l e c t  t h e  
d e f o r m a t i o n  t e r m  in  t h e  c a l c u l a t i o n  o f  e n t r a i n m e n t  b e c a u s e  
n o n - b r e a k i n g  waves w i l l  n o t  s i g n i f i c a n t  1y c o n t r i b u t e  t o  t h e  
e n e r g y  (p o w e r )  b a l a n c e .
The lo w e r  l e v e l  a p p e a r e d  t o  be s t i l l  e x c e p t  n e a r  t h e  
i n t e r f a c e .  I t  was o b s e r v e d  t h a t  t h e  l a r g e  d e n s i t y  
d i f f e r e n c e  b e tw e e n  t h e  l e v e l s  p r e v e n t e d  s i g n i f i c a n t  
p e n e t r a t i o n  o f  t h e  j e t  i n t o  t h e  lo w e r  f l u i d .  Thus l i t t l e
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e n e r g y  was a v a i l a b l e  t o  e x c i t e  t h e  lo w e r  f l u i d  l a y e r .
T-3996 54
CHAPTER 4
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
4 . 1  SUMMARY
A s e r i e s  o f  e x p e r i m e n t s  ha v e  been c o n d u c t e d  t o  
d e t e r m i n e  t h e  e f f e c t i v e n e s s  o f  a p r o p o s e d  e n t r a i  nment  
enh a n c e m e n t  t e c h n i q u e .  The t e c h n i q u e  e n h a n c e d  e n t r a i n m e n t  
by e x c i t i n g  a d e n s i t y  i n t e r f a c e  w i t h  a p u l s e d  j e t .  I t  was 
a n t i c i p a t e d  t h a t  e x c i t e m e n t  o f  t h i s  i n t e r f a c e  a t  n o d a l  
f r e q u e n c i e s  w o u ld  c a u s e  r e s o n a n c e  o f  t h e  i n t e r f a c e  and le a d  
t o  e n h a n c e d ,  w a v e - d r i v e n  m i x i n g .
T h e s e  e x p e r i m e n t s  w e r e  c o n d u c t e d  on a s m a l l  s c a l e  in  a 
c l e a r  s i d e d  t a n k  and used a shadow graph  s y s te m  t o  p r o v i d e  
v i s u a l  o b s e r v a t i o n  and m e a s u r e m e n t .  A p u l s i n g  s y s te m  was 
d e v e l o p e d  t o  p r o v i d e  j e t  im p in g e m e n t  o f  t h e  d e n s i t y  
i n t e r f a c e  w i t h i n  t h e  t e s t  t a n k .  The p u l s i n g  s y s te m  was 
c o n s t r u c t e d  w i t h  an a d j u s t a b l e  t i m i n g  c i r c u i t  t o  a l l o w  a 
r a n g e  o f  p u l s e  f r e q u e n c i e s  so t h a t  t h e  r e l a t i o n s h i p  b e tw e e n  
f r e q u e n c y  and e n t r a i n m e n t  r a t e s  c o u l d  be e s t a b l i s h e d .
D a ta  w e r e  c o l l e c t e d  p r i o r  t o  and d u r i n g  t h e  i n d i v i d u a l  
e x p e r i m e n t s  f o r  l a t e r  ana  1ys  i s . Two m ethods  o f  a n a l y s i s  
w e r e  u s e d .  In  t h e  f i r s t  m e th o d ,  t h e  B uck ingham  Pi th e o r e m  
o f  d i m e n s i o n a l  ana  1y s i s  was u s e d .  The seco nd  t e c h n i q u e  
used  f i r s t  p r i n c i p l e s  t o  d e v e l o p  an e n e r g y  b a l a n c e .  As 
n o t e d  b e f o r e ,  t h e  u n i t s  o f  t h i s  e q u a t i o n  a r e  p o w e r ,  b u t
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b e c a u s e  e n e r g y  b a l a n c e s  a r e  in  more g e n e r a l  u s e ,  t h i s  
e q u a t i o n  was r e f e r r e d  t o  a s  an e n e r g y  b a l a n c e  f o r  e a s e  o f  
commun i c a t  i o n .
No r e  1 a t i o n s h i p s  w e r e  f o u n d ,  among t h e  d i m e n s i o n  1 ess  
g r o u p s  d e t e r m i n e d  by t h e  B uck ingham  P I  t h e o r e m ,  t h a t  c o u l d  
be c o r r e l a t e d  i n t o  one g o v e r n i n g  e q u a t i o n .  H o w e v e r ,  t h e  
d a t a  w e re  c o r r e l a t e d  as  a r e s u l t  o f  t h e  e n e r g y  a n a l y s i s .
I t  was fo u n d  t h a t  wave e n e r g y  does n o t  p l a y  a s i g n i f i c a n t  
r o l e  in  e n e r g y  t r a n s p o r t  w i t h i n  t h i s  s y s t e m .
4 . 2  CONCLUSIONS
I t  is  c o n c lu d e d  t h a t  t h e r e  i s  no r e l a t i o n s h i p  b e tw e e n  
t h e  p u l s i n g  f r e q u e n c y  and e n t r a i n m e n t  r a t e  f o r  t h i s  
s y s te m .  In  t h e  d e v e lo p m e n t  o f  e q u a t i o n s  3 . 1 a  and 3 . 1 b ,  t h e  
o n l y  t e r m  c o n t a i n i n g  f r e q u e n c y  was t h e  b u o y a n c y  f r e q u e n c y  
o f  t h e  d e n s i t y  i n t e r f a c e .  S i n c e  t h e  wave e n e r g y  p l a y e d  an  
i n s i g n i f i c a n t  r o l e  in  e n t r a  i n m e n t , t h e  f a c t o r  
c o n t a i n i n g  t h e  b u o y a n c y  f r e q u e n c y  was n e g l e c t e d  and  t h u s  no 
f r e a u e n c y  e f f e c t s  a r e  deemed r e l e v a n t .
A r e v i e w  o f  t h e  power  t e r m  v a l u e s  in  T a b l e  3 . 1  shows 
t h a t  in  many c a s e s  t h e  pow er  o f  t h e  j e t  i s  l e s s  t h a n  t h e  
sum o f  t h e  pow ers  f o r  t h e  s i n k s .  A l s o ,  as  m e n t i o n e d  
b e f o r e ,  t h e  j e t  p u l s e s  t e n d e d  t o  b l e n d  i n t o  a c o n t i n u o u s  
j e t .  T h i s  i m p l i e s  t h a t  an e r r o r  is  i n t r o d u c e d  by a s s u m in g
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i n  s e c t i o n  3 . 2 . 2  t h a t  n e g l i g i b l e  momentum is  l o s t  f r o m  t h e  
j e t .  In  o r d e r  t o  g a i n  an e s t i m a t e  o f  t h e  e f f e c t  o f  t h i s  
b l e n d i n g  and  t h e  v a l i d i t y  o f  t h e  a s s u m p t i o n ,  v a l u e s  o f  
r e l a t i v e  e r r o r  w e r e  p l o t t e d  a s  a  f u n c t i o n  o f  t h e  d i s t a n c e  
f r o m  t h e  j e t  t o  t h e  i n t e r f a c e .  T h i s  r e l a t i o n  is  shown in  
F i g u r e  4 . 1 .  D a t a  w i t h  r e l a t i v e  e r r o r s  b e lo w  t h e  v a l u e  o f  
m inus  t e n  w e r e  c o n s i d e r e d  e x t r a n e o u s  and w e r e  n e g l e c t e d  
f r o m  t h e  a n a l y s i s .  The a v e r a g e  v a l u e  o f  t h e  r e l a t i v e  e r r o r  
i s  - 0 . 5 .  B ec a u s e  t h e  j e t  pow er  i s  known w i t h  a  r e l a t i v e  
e r r o r  o f  l e s s  t h a n  1 p e r c e n t  i t  m ust  be c o n c l u d e d  t h a t  t h e  
po w e rs  o f  e n t r a i n m e n t  a n d / o r  d e f o r m a t i o n  a r e  o v e r  
e s t i m a t e d .  S i n c e ,  t h e  r e l a t i v e  e r r o r  d a t a  show no t r e n d  
w i t h  r e s p e c t  t o  t h e  d i s t a n c e  f r o m  t h e  j e t  o p e n i n g  t o  t h e  
i n t e r f a c e  i t  i s  c o n c l u d e d  t h a t  t h e  a s s u m p t i o n  o f  n e g l i g i b l e  
momentum lo s s  in  t h e  j e t  i s  v a l i d .
Terms c o n t a i n i n g  t h e  h o r i z o n t a l  e x t e n t  o f  t h e  s y s te m  
w e r e  p r e s e n t  i n  e q u a t i o n s  3 . 1 a  and 3 . 1 b  w h ic h  i m p l i e d  t h a t  
t h e  h o r i z o n t a l  e x t e n t  o f  t h e  s y s te m  i s  i m p o r t a n t .  I t  was 
hoped  t h a t  t h i s  w o u ld  n o t  be t h e  c a s e  so t h a t  e q u a t i o n s  
3 . 1 a  and  3 . 1 b  c o u l d  be a p p l i e d  t o  s y s te m s  o f  i n f i n i t e  
h o r i z o n t a l  e x t e n t .
The g r i d / s p o n g e  wave dam pin g  s y s te m  was f o u n d  t o  be an  
e f f e c t i v e  d e s i g n .  D u r i n g  o p e r a t i o n  no wave r e f l e c t i o n s  
w e r e  w i t n e s s e d .  I f  r e f l e c t i o n s  w e re  p r e s e n t ,  t h e y  w o u ld  be
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s een  i m m e d i a t e l y  a f t e r  t h e  p u l s i n g  s y s te m  was s h u t  o f f .
T h i s  was n o t  t h e  c a s e .  F l u i d  f r o m  t h e  lo w e r  l e v e l  was 
f o r c e d  t o  t h e  s i d e s  o f  t h e  t a n k  by  j e t  im p in g m e n t  and t h e n  
f l o w e d  ba c k  t o w a r d s  t h e  c e n t e r  w i t h o u t  waves b e i n g  p r e s e n t .
In  c o n c l u s i o n ,  t h e  p u l s i n g  s y s te m  is  cons i d e r e d  t o  be a  
q u a l i f i e d  s u c c e s s .  I t  p e r f o r m e d  w e l l  d u r i n g  a l l  t e s t s .  
H o w e v e r ,  t h e  qua 1 i f i c a t i o n  in  i t s  s u c c e s s  is  t h e  r e s u l t  o f  
tw o  d i f f i c u l t i e s .  F i r s t ,  d u r i n g  t h e  h i g h e r  f r e q u e n c y  t e s t s  
a s m a l l e r  f l o w  r a t e  was o b s e r v e d .  T h i s  c o u l d  a f f e c t  t h e  
f i n a l  r e s u l t s  b e c a u s e  t h e  lo w e r  f l o w  r a t e  c o r r e s p o n d s  t o  
l o w e r  power  i n p u t .  A g i v e n  amount o f  power  is  consumed in  
o v e r c o m i n g  i n e r t i a l  and f r i c t i o n  e f f e c t s  in  t h e  p u l s i n g
s y s t e m .  T h e r e f o r e ,  t h e  p e r c e n t a g e  o f  t h e  t o t a l  power  used
in  o v e r c o m i n g  t h e s e  e f f e c t s  i s  g r e a t e r  f o r  t h e  low power  
c o n d i t i o n .  H e n c e ,  l e s s  power  is  a v a i l a b l e  f o r  
e n t r a i n m e n t .  S e c o n d l y ,  t h e  r a n g e  o f  f r e q u e n c  i es was 
r e s t r i c t e d .  The t i m i n g  c i r c u i t  used can p r o v i d e  
f r e q u e n c i e s  up t o  s e v e r a l  t h o u s a n d  H e r t z ;  h o w e v e r ,  as  
shown in  F i g u r e  4 . 2 ,  t h e  f l o w  s y s te m  c a n n o t  r e s p o n d  more  
q u i c k l y  t h a n  i t  d i d  d u r i n g  t h e  t e s t s .  I t  w o u ld  be
d e s i r a b l e  t o  i n c r e a s e  t h e  f l o w  vo lum e p e r  p u l s e  so t h a t  t h e
e f f e c t s  a t  h i g h e r  f r e q u e n c i e s  c o u l d  be f u l l y  d e t e r m i n e d .
I t  is  p o s s i b l e  t h a t  such a s y s te m  w o u ld  r e v e a l  f r e q u e n c y  
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FIGURE 4 . 2  FLOW SYSTEM RESPONSE
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4 . 3  RECOMMENDATIONS
I t  i s  recommended t h a t  f u r t h e r  s t u d y  in  t h i s  a r e a  be  
c o n d u c t e d .  A l t h o u g h  i t  has been shown t h a t  no f r e q u e n c y  
e f f e c t s  w e re  m e a s u re d  i n  t h i s  s y s te m ,  i t  has  a l s o  been  
s u g g e s t e d  t h a t  t h e  l i m i t s  on t h e  p u l s i n g  s y s te m  c o u l d  ha v e  
masked such e f f e c t s .  F u r t h e r  t e s t s ,  f o r  t h e  p u r p o s e  o f  
c o n f i r m i n g  t h e s e  r e s u l t s ,  a r e  w a r r a n t e d .  A new p u l s i n g  
s y s te m  i s  r e q u i r e d  f o r  f u r t h e r  t e s t i n g .  I t  i s  s u g g e s t e d  
t h a t  t h i s  s y s te m  i n c o r p o r a t e  a p o s i t i v e  d i s p l a c e m e n t  p i s t o n  
pump w i t h  an a d j u s t a b l e  s t r o k e  and  r e c  i p r o c a t  i on r a t e .
T h i s  w i l l  p r o v i d e  t h e  v a r i e d  f r e q u e n c y  n e e d e d  w h i l e  a l s o  
a l l o w i n g  c o n t r o l  o f  t h e  f l o w  r a t e .  F r e q u e n c i e s  o f  up t o  20 
H e r t z  may be n e c e s s a r y  t o  work  w i t h  NaCl s a l t  s o l u t i o n s .
I f  s o l u t i o n s  o f  KC1 o r  o t h e r  s o l u t e s  w h ic h  can  c r e a t e  
h i g h e r  d e n s i t y  s t e p s  a r e  u s e d ,  h i g h e r  f r e q u e n c i e s  may be  
r e q u i r e d .  C o n v e r s e l y ,  i f  s m a l l e r  d e n s i t y  s t e p s  a r e  used  
l o w e r  f r e q u e n c i e s  w i l l  be r e q u i r e d .
F u t u r e  t e s t i n g  s h o u l d  i n c o r p o r a t e  a l a r g e r  l e n g t h  t o  
h e i g h t  r a t i o  in  t h e  d e s i g n  o f  t h e  t e s t  t a n k .  In  t h e  s y s te m  
u s e d  f o r  t h e s e  t e s t s  h o r i z o n t a l  m o t i o n  o f  t h e  f l u i d  was 
r e s t r i c t e d .  As t h e  i n t e r f a c e  moved away f r o m  t h e  j e t  t h e  
r o 1 1 c e l  I s  on e i t h e r  s i d e  o f  t h e  j e t  g re w  t o  a p o i n t  w h e re  
t h e y  w e r e  c o n s t r a i n e d  b y  t h e  end w a l l s  o f  t h e  t a n k .  W h i l e  
i t  i s  b e l i e v e d  t h a t  t h i s  w i l l  have  1 i t t l e  e f f e c t  on t h e
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t e s t  r e s u l t s ,  t h e  q u e s t i o n  r e m a in s  a s  t o  t h e  v a l i d i t y  o f  
t h e  d e v e l o p e d  e q u a t i o n s  in  r e l a t i o n  t o  a s y s te m  w i t h  l a r g e  
o r  p o s s i b l y  i n f i n i t e  h o r i z o n t a l  e x t e n t .
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INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
RUN « UATER+TAR SALT♦TARE FRESH INT
PRESSURE TARE TARE FRESH FIN
UATER UT 0.00 SALT UT 0.00 FRESH IN 
SALT SOLUTION UT Z ERR Nj UTR DEPTH
LOUER LEVEL (Hs) JET DEPTH
TINE S S ♦ THK TEHP UP TEHP LOU FLOU INT FLOU FINL
PRESSURE * Pressure in pressure tank (psig)
WATER + TARE * Total weight of stock tank filled 
TARE = Weight of tank prior to filling with water 
SALT ♦ TARE » Weight of stock tank with salt added 
TARE = Weight of stock tank prior to adding salt 
FRESH INT = Weight of stock tank when filled with water 
prior to placing top layer of water 
FRESH FIN = Weight of stock tank after top water layer 
has been placed
(All weights are in pounds)
WRT DEPTH = Depth of water from bottom of tank to top (cm) /  \  
JET DEPTH * Depth of jet opening from top surface of water 
TIME * Duration of test segment (minutes)
S = Distance from jet opening to top of interface (can)
S ♦ THK » Distance from jet opening to bottom of interface (cm) 
TEMP UF = Temperature of upper layer fluid (C)
TEMP LOW » Temperature of lower layer fluid (C)
FLOW INT = Initial flow reading on water meter (gal)
FLOW FINL » Final flow reading on water meter (gal)
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INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEH
RUN I 1 UATER*TAR 248.00 SAL WARE 47.00 FRESH INT 304.25
!ESSURE 5.00 TARE 47 TARE 37 FRESH FIN 96.25
UATER UT 201.00 SALT UT 10.00 FRESH IN 208.00
SALT SOLUTION UT Z 4.74 Nj 0.049 UTR DEPTH 43.40
LQUER LEVEL (Hs) JET DEPTH 8.80
TINE S S * THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
11.00 11.60 15.00 20.00 18.90 205081.56 205102.72 1.64E-06
10.00 17.60 20.30 20.00 IB. 90 205102.72 205121.95 1.64E-06
10.00 20.75 23.70 20.00 19.00 205121.95 205140.59 1.54E-06
11.00 23.15 26.10 20.20 19.00 205140.59 205161.64 1.62E-06
10.00 24.75 28.19 20.50 19.00 205161.64 205180.72 1.62E-06
10.00 27.40 29.85 20.50 19.00 205180.72 205199.37 1.54E-06
10.00 28.91 31.39 20.70 19.20 205199.37 205218.20 1.57E-06
31.1
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INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEM
RUN » 2 UATER+TAR 247 SALT+TARE 47 FRESH INT 326
PRESSURE 5 TARE 47 TARE 37 FRESH FIN 107
UATER UT 200.00 SALT UT 10.00 FRESH IN 219.00
SALT SOLUTION UT Z 4.76 Nj 0.41 UTR DEPTH 45.5
LOUER LEVEL (Hs) JET DEPTH 8
TINE S S * THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
S. 50 15.05 17.95 19.80 18.50 205250.67 205260.06 1.29E-06
5.00 16.13 19.05 19.90 18.50 205260.06 205268.62 1.30E-06
5.00 17.01 19.95 20.00 18.50 205268.62 205277.67 1.45E-06
6.00 18.41 20.92 20.00 18.50 205277.67 205288.00 1.32E-06
5.00 19.93 22.24 20.00 18.60 205288.00 205296.92 1.41E-06
2.75 20.57 23.21 20.00 18.60 205296.92 205301.45 1.20E-06
5.00 21.13 23.52 20.00 18.60 205301.45 205310.17 1.35E-06
10.00 21.52 24.30 20.00 18.60 205310.17 205327.66 1.36E-06
11.00 23.31 25.65 20.00 18.60 205327.66 205346.81 1.34E-06
13.00 24.75 27.21 20.00 18.70 205346.81 205369.47 1.35E-06
11.00 26.41 28.71 20.00 18.70 205369.47 205388.42 1.32E-06
10.00 27.51 29.85 20.00 18.80 205388.42 205405.61 1.31E-06
10.00 28.21 30.75 20.10 18.80 205405.61 205423.IB 1.37E-06
10.00 28.75 31.41 20.30 18.80 205423.18 205440.23 1.29E-06
10.00 29.51 32.18 20.50 18.80 205440.23 205457.56 1.33E-06
10.00 30.58 32.89 20.50 18.80 205457.56 205474.57 1.2BE-06
10.00 31.28 33.67 20.70 19.00 205474.57 205491.69 1.30E-06
32. B5
T-3996 71
INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
RUN « 2A UATER+TAR 247.50 SALT+TARE 47.00 FRESH INT 408.00
PRESSURE 5.00 TARE 47.00 TARE 37.00 FRE5H FIN 232.25
WATER UT 200.50 SALT UT 10.00 FRESH IN 175.75
SALT SOLUTION UT I 4.75 Nj 0.410 UTR DEPTH 43.80
LOUER LEVEL (Hs) JET DEPTH 9.80
TINE S S ♦ THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
S. 00 6.00 9.50 9.00 9.00 204508.30 204517.82 1.61E-06
S. 00 10.50 13.75 9.50 10.00 204517.82 204527.75 1.75E-06
6.00 12.50 15.70 9.50 10.00 204527.75 204539.10 1.59E-06
5.00 15.00 18.00 11.50 9.50 204539.10 204548.70 1.64E-06
5.00 16.50 19.50 11.50 10.00 204548.70 20455B.07 1.56E-06
5.00 17.50 20.50 11.50 10.00 204558.07 204567.71 1.65E-06
5.00 19.50 22.50 12.00 10.00 204567.71 204577.00 1.53E-06
5.00 20.50 23.50 12.00 10.00 204577.00 2045B6.51 1.60E-06
5.00 22.00 25.00 12.00 10.00 204586.51 204596.11 1.64E-06
5.00 22.50 25.00 12.00 10.00 204596.11 204595.41 8.70E-09
5.00 23.50 26.00 12.00 10.00 204595.41 204605.10 1.67E-06
5.05 24.00 26.50 12.50 10.00 204605.10 204614.55 1.55E-06
5.00 24.50 27.00 12.50 10.00 204614.55 204624.31 1.69E-06
5.00 25.50 2B.00 12.50 10.20 204624.31 204633.40 1.47E-06
5.00 26.50 28.50 12.50 10.50 204633.40 204642.84 1.58E-06
5.00 27.00 29.00 13.00 10.50 204642.84 204652.60 1.69E-06
5.00 28.50 29.50 13.00 11.00 204652.60 204661.91 1.54E-06
29.00
T—3996 72
INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
RUN I 3 UATER+TAR 247.25 SALT+TARE 47 FRESH INT 309.25
PRESSURE 5 TARE 47 TARE 37 FRESH FIN 90.50
WATER UT 200.25 SALT UT 10.00 FRESH IN 2 IB.75
SALT SOLUTION UT Z 4.76 Nj 0.722 UTR DEPTH 46.65
LOWER LEVEL (Hs) JET DEPTH 9.12
TINE S S ♦ THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
3.00 10.31 13.25 20.60 18.50 205518.67 205524.22 1.52E-06
5.00 12.75 15.05 20.60 18.50 205524.22 205533.45 1.51E-06
5.00 14.05 17.07 20.70 18.50 205533.45 205542.93 1.59E-06
5.00 15.58 18.28 20.70 18.50 205542.93 205551.94 1.44E-06
5.00 18.09 19.32 20.80 18.70 205551.94 205561.07 1.48E-06
10.00 17.55 20.15 20.80 18.70 205561.07 205579.65 1.53E-06
10.00 19.78 22.55 20.80 17.70 205579.65 205598.12 1.51E-Q6
10.00 21.39 24.20 20.80 18.70 205598.12 205616.66 1.52E-06
10.00 23.45 25.87 20.80 18.70 205616.66 205634.70 1.44E-06
10.00 25.82 27.18 21.00 18.80 205634.70 205653.08 I.5GE-06
10.00 28.27 28.40 21.00 18.80 205653.08 205671.48 1.50E-06
10.00 27.01 29.45 21.00 18.80 205671.48 2056B9.61 1.46E-06
20.00 28.33 30.39 21.00 18.90 205689.61 205725.63 1.44E-06
20.00 30.21 32.25 21.10 19.00 205725.63 205761.57 1.43E-06
20.00 31.58 33.25 21.10 19.10 205761.57 205797.45 1.43E-06
33.41
T-3996 73
INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
RUN » 4 WATER TAR 247.25 SAL WARE 47.25 FRESH INT 310.25
PRESSURE 5 TARE 47.25 TARE 37.25 FRESH FIN 94.00
UATER UT 200.00 SALT UT 10.00 FRESH IN 216.25
SALT SOLUTION UT X 4.76 Nj 1.062 UTR DEPTH 45.55
LOUER LEVEL (Hs) JET DEPTH 8.15
TIHE S S + THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
7.00 11.92 14.05 21.00 20.50 205812.79 205821.48 6.84E<07
5.00 12.75 15.45 21.00 20.50 205821.48 205827.97 7.47E-07
5.00 13.85 15.95 21.00 20.50 205827.97 205833.90 6.24E-07
10.00 14.25 16.40 21.00 20.50 205833.90 205846.42 6.95E-07
10.00 15.04 17.80 21.00 20.50 205846.42 205873.71 3.30E-06
10.00 17.24 19.92 21.00 20.50 205873.71 205880.79 2.22E-07
10.00 19.25 22.11 21.00 20.50 205880.79 205897.71 1.27E-06
16.00 21.61 23.95 21.10 20.50 205897.71 205924.82 1.27E-06
11.00 24.57 26.73 21.50 20.50 205924.82 205943.58 1.29E-06
10.00 26.18 28.70 21.60 20.50 205943.58 205960.48 1.27E-06
17.00 27.27 29.57 21.70 20.60 205960.48 205989.21 1.27E-06
10.00 28.88 30.25 21.80 20.60 205989.21 206006.19 1.28E-06
10.00 30.40 33.45 21.90 20.60 206006.19 206023.22 1.29E-06
10.00 31.47 33.50 22.00 20.70 206023.22 206039.96 1.24E-06
34.71
T-3996 74
INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEH
RUN » 4A UATER+TAR 248.50 SALTtTARE 47.25 FRESH INT 402.50
ASSURE 5.00 TARE 47.25 TARE 37.25 FRESH FIN 228.25
UATER UT 201.25 SALT UT 10.00 FRESH IN 174.25
SALT SOLUTION UT Z 4.73 Nj 1.062 UTR DEPTH 43.20
LOWER LEVEL (Hs) JET DEPTH 9.50
TINE S S ♦ THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
5.00 9.50 12.75 9.00 9.00 204689.61 204697.51 1.11E-06
5.00 11.50 14.50 9.00 9.00 204697.51 204705.42 1.11E-06
5.00 13.00 16.00 9.50 9.00 204705.42 204713.12 1.05E-06
5.00 14.00 17.00 9.50 9.00 204713.12 204721.00 1.10E-06
5.00 15.00 18.00 10.00 9.00 204721.00 204728.85 1.09E-06
5.00 IS.00 19.00 10.00 9.00 204728.85 204736.56 1.05E-06
5.00 17.00 19.50 10.00 9.00 204736.56 204744.15 1.02E-06
5.00 17.50 20.50 10.00 9.00 204744.15 204752.10 1.12E-06
5.00 16.50 21.00 10.00 9.00 204752.10 204759.70 1.03E-06
5.00 19.00 21.70 10.50 9.50 204759.70 204767.40 1.05E-06
5.00 19.50 22.50 10.50 9.50 204767.40 204774.87 9.90E-07
5.00 20.50 23.00 11.00 9.50 204774.87 204782.57 1.05E-06
5.00 21.00 23.50 11.00 9.50 204782.57 204790.35 1.Q7E-06
5.00 21.50 24.Q0 11.00 9.50 204790.35 204797.72 9.64E-07
5.00 22.00 24.50 11.00 9.70 204797.72 204805.45 1.06E-06
10.00 22.25 24.75 11.00 10.00 204805.45 204820.85 1.05E-06
10.00 23.00 25.50 11.00 10.00 204820.85 204836.55 1.09E-06
10.00 24.00 26.50 12.00 10.00 204836.55 204851.85 1.04E-06
10.00 25.00 27.20 12.00 10.00 204851.85 204867.20 1.05E-06
a. oo 25.25 27.75 12.00 10.00 204867.20 204879.10 9.82E-07
26
T-3996 75
INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED
RUN I 5 WATER*TAR 247.00
PRESSURE S.00 TARE 47.00
WATER WT 200.00 
SALT SOLUTION WT Z 4.88 
LOWER LEVEL (Hs)
TINE S S + THK TEHP UP
5.00 10.41 13.25 19.00
2.00 17.84 20.39 20.10
2.00 20.48 22.19 20.50
2.00 22.24 23.61 20.70
2.00 23.71 25.11 20.80
2.00 25.21 26.58 20.90
3.00 26.54 27.65 21.00
2.00 27.71 29.55 21.00
3.00 29.22 30.71 21.00





SALT*TARE 47.00 FRESH INT 336.25
TARE 36.75 FRESH FIN 112.25
SALT UT 10.25 FRESH IN 224.00
Nj 0.000 UTR DEPTH 46.55
JET DEPTH 9.15
TEHP LOU FLOW INT FLOU FINL Hoj
22.00 207837.35 207858.78 8.15E-06
22.00 207858.78 207867.46 8.36E-06
22.00 207867.46 207876.11 8.30E-06
22.00 207876.11 207884.69 8.16E-06
22.00 207884.69 207893.08 7.81E-06
22.00 207893.08 207901.29 7.48E-06
22.00 207901.29 207914.37 B.43E-06
22.00 207914.37 207922.71 7.71E-06
22.00 207922.71 207935.42 7.96E-06
22.00 207935.42 207948.12 7.95E-06 
21.90 207948.12 207960.71 7.81E-06
3996
INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEH
RUN » 6 HATER TAR 256.5 SALT+TARE 56.5 FRESH INT 330.50
EE5SURE 5 TARE 56.5 TARE 36.5 FRESH FIN 111.00
UATER UT 200.00 SALT UT 20.00 FRESH IN 219.50
SALT SOLUTION UT Z 9.09 Nj 0.049 UTR DEPTH 46.15
LOWER LEVEL (Hs) JET DEPTH 8.95
TINE S S + THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
S. 00 10.05 14.25 18.00 20.60 206050.91 206060.95 1.79E-Q6
6.00 12.08 16.37 18.70 20.60 206060.95 206073.12 1.83E-05
6.00 14.5B 18.35 19.00 20.60 206073.12 206085.53 1.90E-05
5.00 16.63 19.95 19.00 20.60 206085.53 206095.67 1.82E-05
5.00 17.8B 21.05 19.00 20.70 206095.67 206105.61 1.75E-Q5
5.00 19.07 22.41 19.10 20.70 206105.61 206115.50 I.74E-05
5.00 19.95 23.35 19.40 20.70 206115.50 206125.49 1.77E-05
5.00 21.09 24.15 19.60 20.70 206125.49 206135.56 1.80E-05
10.00 22.01 25.25 19.80 20.70 206135.56 206156.24 1.90E-05
11.00 23.27 27.02 19.90 20.70 206156.24 206178.87 1.8BE-05
10.00 25.15 25.70 20.00 20.70 206178.87 206199.81 1.95E-05
10.00 26.95 29. B5 20.00 20.70 206199.81 206220.30 1.86E-05
10.00 27.71 31.20 20.00 20.50 206220.30 206240.71 1.85E-05
10.00 28.82 31.95 20.10 20.40 206240.71 206261.48 1.91E-05
10.00 30.07 32.91 20.30 20.40 206261.48 206282.11 1.89E-05
10.00 31.11 34.25 20.50 20.50 206282.11 206302.5B 1.86E-05
32.75
T-3996 77
INDIVIDUAL RUN DATA SHEET
PULSED STRATIFIED FLUID SYSTEN
RUN » 7 UATER+TAR 257 SALT+TARE 57 FRESH INT 352.75












SALT SOLUTION UT Z 
LOUER LEVEL (Hs)




TINE S S ♦ THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
5.00 10.35 14.32 16.70 19.00 206324.91 206334.00 1.47E-06
5.00 11.45 15.35 17.10 19.00 206334.00 206342.77 1.36E-06
18.00 12.04 16.07 17.20 19.00 206342.77 206376.66 1.57E-06
16.00 14.65 18.25 18.00 19.00 206376.66 20640B.43 1.75E-06
10.00 16.66 20.14 18.00 19.00 206408.43 206427.01 1.53E-06
10.00 17.56 20.91 18.20 19.00 206427.01 206445.73 1.55E-06
10.00 18.51 22.00 18.60 19.00 206445.73 206464.38 1.54E-06
10.00 19.48 23.00 18.70 19.00 206464.38 206484.61 1.82E-06
10.00 20.47 23.72 18.90 19.00 206484.61 206502.97 1.50E-06
21.00 21.44 24.56 19.00 19.00 206502.97 206541.75 1.51E-Q6
20.00 22.73 26.08 19.10 19.00 206541.75 206578.91 1.53E-06
33.00 24.01 27.35 19.50 19.00 206578.91 206639.61 1.50E-06
23.00 26.24 29.17 19.80 19.00 206639.61 206681.90 1.50E-06
20.00 26.81 30.05 20.00 19.00 206681.90 206718.60 1.49E-06
25.00 27.68 31.00 20.00 19.00 206718.60 206766.32 1.62E-06
29.00 29.05
30.15
31.75 20.10 19.00 206766.32 206822.15 1.64E-06
3996
INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEM
RUN » 8 UATER+TAR 257 SAL WARE 57 FRESH INT 393.50
PRESSURE 5 TARE 57 TARE 36.75 FRESH FIN 186.50
UATER UT 200.00 SALT UT 20.25 FRESH IN 207.00
SALT SOLUTION UT Z 9.19 Nj 0.722 UTR DEPTH 44.85
LOWER LEVEL (Hs) JET DEPTH 7.50
TINE S S + THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
5.00 10.26 14.49 16.20 19.00 206832.40 206841.32 I.41E-06
9.00 11.37 15.28 17.00 19.00 206841.32 206857.61 1.45E-06
9.00 12.82 16.37 17.20 19.00 206857.61 206873.60 1.40E-06
10.00 13.81 17.55 17.50 19.00 206873.60 206891.69 1.45E-06
10.00 15.11 18.49 18.00 19.00 206891.69 206909.31 1.38E-06
10.00 16.15 19.41 18.00 19.00 206909.31 206927.12 1.41E-06
10.00 16.97 20.45 18.20 19.00 206927.12 206945.11 1.44E-06
10.00 17.89 21.38 18.50 19.00 206945.11 206962.89 1.40E-06
14.00 18.61 21.75 18.70 19.00 206962.89 206997.46 2.71E-06
16.00 19.91 22.82 18.80 19.00 206997.46 207015.61 5.71E-07
15.00 20.79 23.92 19.00 19.00 207015.61 207041.91 1.36E-06
15.00 21.86 24.89 19.20 19.00 207041.91 207068.12 1.35E-06
15.00 22.50 25.82 19.50 19.00 207068.12 207094.54 1.38E-G6
15.00 23.31 26.65 19.80 19.00 207094.54 207120.64 1.34E-06
15.00 24.07 27.38 19.90 19.00 207120.64 207146.89 1.36E-06
15.00 25.36 27.95 19.90 19.00 207146.89 207172.91 1.33E-Q6
15.00 26. IS 28.71 20.00 19.00 207172.91 207199.02 1.34E-06
15.00 26.55 29.29 20.00 19.00 207199.02 207224.89 1.32E-06
15.00 27.04 29.75 20.20 19.00 207224.89 207250.89 1.33E-06






















INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
9 UATER+TAR 257.5 SALTfTARE 57 FRESH INT 361.75
5 TARE 57 TARE 37 FRESH FIN 131.00
UATER UT 200.50 SALT UT 20.00 FRESH IN 230.75
SALT SOLUTION UT Z 9.07 Nj 1.062 UTR DEPTH 47.35
LOUER LEVEL (Hs) JET DEPTH 10.00
S S ♦ THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
8.81 14.25 21.20 22.00 207279.35 207291.32 9.93E-07
12.15 15.37 21.70 22.00 207291.32 207312.63 1.03E-06
13.17 16.72 21.90 22.00 207312.63 207329.27 1.02E-06
14.21 17.51 22.00 22.00 207329.27 207349.06 1.03E-06
IS. 14 18.47 22.00 22.00 207349.06 207369.98 9.91E-07
16.04 19.38 22.00 22.00 207369,98 207392.28 1.13E-06
16.95 20.21 22.10 22.00 207392.28 207417.48 1.10E-06
17.85 20.95 22.40 22.00 207417.48 207457.12 9.56E-07
19.24 22.27 22.60 22.00 207457.12 207409.61 1.89E-06
20.15 23.02 22.80 22.00 207409.61 207521.39 1.26E-05
20.91 23.86 23.00 22.00 207521.39 207556.32 9.40E-07
21.51 24.61 23.00 22.00 207556.32 207592.74 1.02E-06
22.75 25.46 23.00 22.00 207592.74 207627.47 9.29E-Q7
23.22 26.38 23.00 22.00 207627.47 207677.57 9.09E-07
24.15 27.41 23.20 22.00 207677.57 207725.04 9.18E-Q7
25.62 28.41 23.60 22.10 207725.04 207767.65 8.95E-07
26.34
T-3996 80
INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
RUN « 10 UATERtTAR 25B.50 SALT+TARE 58.00 FRESH INT 252.25
ESSURE 5.00 TARE 58.00 TARE 37.00 FRESH FIN 126.00
WATER UT 200.50 SALT UT 21.00 FRESH IN 126.25
SALT SOLUTION UT Z 9.48 Nj 0.000 UTR DEPTH 47.45
LOWER LEVEL (Hs) JET DEPTH 10.20
TIHE S S ♦ THK TEHP UP TEHP LOU FLOU INT FLOU FINL Hoj
3.00 10.05 14.35 18.00 20.50 208022.55 208035.14 7.81E-06
3.00 12.71 16.37 18.80 20.50 208035.14 208047.46 7.4BE-06
6.00 14.86 18.42 19.00 20.50 208047.46 208072.21 7.55E-06
6.00 17.82 21.37 19.00 20.50 208072.21 208096.91 7.52E-06
6.00 20.04 23.35 19.10 20.80 208096.91 208121.11 7.22E-Q6
6.00 22.26 25.45 19.60 20.70 208121.11 20B145.58 7.38E-06
6.00 23.66 27.35 19.90 20.50 208145.58 208169.79 7.22E-06
10.00 25.02 28.62 20.00 20.30 208169.79 208209.64 7.Q5E-06
10.00 27.13 30.94 20.00 20.30 208209.64 208250.00 7.23E-06
13.00 29.15 32.24 20.20 20.50 208250.00 208301.96 7.06E-06
10.00 31.63 35.05 20.40 20.50 208301.86 208341.97 7.14E-06
33.95
3996
INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
RUN I 11 UATER*TAR 264.80 SALT+TARE 47.00 FRESH INT
PRESSURE 10.00 TARE 47.00 TARE 37.00 FRESH FIN
UATER UT 217.80 SALT UT 10.00 FRESH IN
SALT SOLUTION UT Z 4.39 Nj 0.05 UTR DEPTH
LOUER LEVEL (Hs) JET DEPTH
TIHE T INIT TEHP UP TEHP LOU S FLOU INT FLOU FINL
3.00 3.50 10.00 10.50 4.00 2.05E+05 2.05E+05 3
2.00 2.50 12.00 10.50 17.75 2.05E+05 2.05E+05 3
3.00 2.00 12.00 10.70 22.40 2.05E+05 2.05E+05 4













INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
RUN I 12 UATERtTAR 248.00 SALMARE 48.00 FRESH INT 305.50
PRESSURE 10.00 TARE 48.00 TARE 38.00 FRESH FIN 90.75
UATER UT 200.00 SALT UT 10.00 FRESH IN 214.75
SALT SOLUTION UT X 4.76 Nj 0.41 UTR DEPTH 46.50
LOUER LEVEL (Hs) JET DEPTH 12.50
TIHE T INIT TEHP UP TEHP LOU S FLOU INT FLOU FINL Hoj
4.00 3.55 10.10 10.50 8.50 2.05E+05 2.Q5E+05 4.37E-06
4.00 2.20 11.50 10.50 17.20 2.05E+05 2.05E+05 4.10E-06
4.00 3.30 11.70 10.50 20.60 2.05E+05 2.05E+05 4.33E-06
4.00 2.30 11.80 10.70 24.75 2.05E+05 2.05E+05 4.19E-06
4.00 2.30 11.80 10.70 27.50 2.05E+05 2.05E+05 4.12E-06
30.00
3996
INDIVIDUAL RUN DATA SHEET 
PULSED STRATIFIED FLUID SYSTEH
RUN • 13 UATER+TAR 248.50 SALTtTARE 47.00 FRESH INT 228.70
PRESSURE 10.00 TARE 47.00 TARE 37.75 FRESH FIN 89.25
UATER UT 201.50 SALT UT 9.25 FRESH IN 159.45
SALT SOLUTION UT Z 4.39 Nj 1.06 UTR DEPTH 45.50
LOWER LEVEL (Hs) JET DEPTH 11.80
TINE T INIT TEHP UP TEHP LOU S FLOW INT FLOU FINL Hoj
4.00 3.20 10.80 10.00 6.40 2.05E+05 2.05E*05 3.74E-06
4.00 2.20 11.20 10.00 16.90 2.05E+05 2.05E+05 3.71E-06
4.00 2.00 n.so 10.00 21.30 2.05E+05 2.05E*05 3.64E-06
4.00 2.00 11.70 10.00 25.00 2.05E+05 2.05E+05 3.57E-06









ms = % by  we i g h t  N aC 1
Tb = t e m p e r a t u r e  o f  s o l u t i o n  in  K
D e n s i t y  ( k g / m 3 )
P = 8 2 . 6 3 4 3 9  + 8 . 2 8 8 5 0 5  Tb -  0 .0 2 3 8 2 2 1  Tb2 + 
0 . 0 0 0 0 2 1 1 7  T b 3 + 7 . 4 3  ms
K i n e m a t i c  V i s c o s i t y  (m2 / h r )  
v = A + B m s + C  ms 2
A = 0 . 2 2 5 7 6  -  0 . 0 0 1 8 6 9  Tb + 5 . 2 4 2 3 E - 6  T b 2 -  
4 . 9 4 9 3 E —9 Tb3 
B = 1 . 8 9 6 0 3 E —3 -  1 . 1 9 3 8 E - 5  Tb + 1 . 8 8 4 8 E - 8  T b 2 
C = - 2 . 6 1 E - 5  + 2 . 1 4 1 4 7 E —7 Tb -  3 . 9 6 8 E - 1 0  T b 2
3996
APPENDIX C 
MINIMUM REYNOLDS NUMBER CALCULATION
T-3996 87
C a l c u l a t i o n  f o r  t h e  l a s t  d a t a  p o i n t  in  e x p e r i m e n t  9 .
= umax b /  v 
umax - Q / A = q / b l  
So s u b s t i t u t i n g :
Re = q /  1 v 
w h e r e :
1 = 0 . 2 9 9
S u b s t i t i t i n g  v a l u e s  f r o m  t h e  e x p e r i m e n t a l  d a t a :
q = ( 2 0 7 , 7 6 7 . 6 5  -  2 0 7 , 7 2 5 . 0 4 ) * 3 . 7 8 5 E - 3 / ( 3 0 m i n * 6 0 s e c ) 
q = 8 . 9 6 0 E - 5
B ec a u s e  t h e  j e t  was o p e r a t e d  on a s q u a r e  wave w i t h  a 50% on 
t i m e  t h e  v a l u e  o f  q must be  m u l t i p l i e d  by 2 .  T h e r e f o r e :  
q = 1 . 7 9 2E —4 .
Assume t o t a l  m i x i n g  o f  t h e  l a y e r s  so t h a t  t h e  s a l t  i s  
d i s t r i b u t e d  u n i f o r m l y  t h r o u g h o u t  a l l  w a t e r  in  t h e  s y s te m .  
ms = { 2 0  lb  /  [ ( 3 6 1  . 7 5 - 1 3 1  ) + ( 2 5 7 . 5 - 5 7 ) ] } *  100 = 4 . 6 3 8
The t e m p e r a t u r e  o f  t h e  s y s te m  w a s :
Tb = 273  + 2 3 . 6  = 2 9 6 . 6  K
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The k i n i m a t i c  v i s c o s i t y  i s  c a l c u l a t e d  f r o m  B e r g m a n 's  
p o 1ynom i a 1s .
A = 0 . 2 2 5 7 6  -  0 . 0 0 1 8 6 9 ( 2 9 6 . 6 )  + 5 . 2 4 2 3 E - 6 ( 2 9 6 . 6 ) 2 -  
4 . 9 4 9 3 E - 9 ( 2 9 6 . 6 ) 3 = 3 . 4 4 9 E - 3  
B = 1 . 8 9 6 0 3 E - 3  -  1 . 1 9 3 8 E - 5 ( 2 9 6 . 6 )  + 1 . 8 8 4 8 E - 8 ( 2 9 6 . 6 ) 2 
B = 1 . 1 3 3 1 E -5
C = - 2 . 6 1 E - 5  + 2 . 1 4 1 4 7 E - 9 ( 2 9 6 . 6 )  -  3 . 9 6 8 E - 1 0 ( 2 9 6 . 6 ) 2 
C = 2 . 5 0 9 E - 6  
T h e r e f o r e :
v = 3 . 4 4 9 E - 3  + 1 . 3 3 1 E - 5 C 4 . 6 3 8 )  + 2 . 5 0 9 E - 6 ( 4 . 6 3 8 ) 2 
v = 3 . 5 6 5 E - 3  m2 / h r  = 9 . 9 0 2 E - 7  m2 / s  
So t h e  minimum R e y n o ld s  number f o r  t h e  e x p e r i m e n t s  was:
Re = 1 . 7 9 2 E - 4 / C 0 . 2 2 9 * 9 . 9 0 2 E - 7 )  = 6 0 5 . 2 7  





M e a s u re m e n t  t e c h n i q u e s  w e r e  e v a l u a t e d  and u n c e r t a i n t y  
v a l u e s  w e r e  a s s i g n e d  t o  e a c h  t e r m  in  t h e  d a t a  c o l l e c t i o n  
p r o c e d u r e .  From t h e s e  s p e c i F i e  u n c e r t a i n t i e s ,  t h e  
u n c e r t a i n t y  t h e  d i m e n s i o n  1 e ss  oF mass F lo w  r a t e  F o r  
e q u a t i o n s  3 . 1 a  and 3 . 1 b  c o u l d  be d e t e r m i n e d .  The C l i n e  and  
M c C l i n t o c k  (H olm an 1 9 89 )  m e th o d  was e m p lo y e d .  T h i s  m e th od  
us e s  a n  e q u a t i o n  oF  t h e  Form :
W(R)  = { Nr i = 1[ ( 3 R  / 3x j ) W j ] 2 ) 0 - 5 
w h e r e :
W ( R ) i s  t h e  o v e r a l l  u n c e r t a i n t y  
R is  t h e  g i v e n  F u n c t i o n  
x j  a r e  t h e  in d e p e n d e n t  v a r i a b l e s  
Wj a r e  t h e  s p e c i F i c  u n c e r t a i n t i e s  oF t h e  
i n d e p e n d e n t  v a r i a b l e s  
N i s  t h e  number oF  i n d e p e n d e n t  v a r i a b l e s  
U n c e r t a i n t y  c a l c u l a t i o n s  w e r e  p e r F o r m e d  on t h e  d a t a  
From t h e  l a s t  t e s t  s egm en t  in  e x p e r i m e n t  3 .  The  
u n c e r t a i n t y  F o r  t h i s  d a t a  s e t  was 2 . 1 1 4 E - 3  and  i s  shown by  
t h e  e r r o r  b a r  on F i g u r e  3 . 1 .
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FREQUENCY .CALIBRATION FOR TIMING CURCUIT
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FREQUENCY CALIBRATION FOR TIMING CURCUIT
FERIOD (sec) PERIOD (sec) PERICD (sec)DIAL (12. 4 FREQ ^ (10 FREQ "'(2. 4 FREQmicro f) (Hz) micro f) (Hz ) micro f) (Hz )
40.000 6.410 0. 156 5. 084 0. 197 1.215 0. 82341.000 5. S65 0. 171 4.6G4 0. 213 1.110 0. 90142.000 5. 440 0. 1B4 4. 352 0.230 1. 030 0.97143.000 4.984 0.201 3. 948 0.253 0. 942 1.06244.000 4. 538 0.220 3. 624 0. 276 0.B55 1. 17045.OOO 3.9E0 0.251 3.116. 0.321 0.734 1. 36246.000 3. 830 0.253 3. 104 0. 322 0. 730 1. 37047.000 3. 852 0.260 3.098 0. 323 0.729 1.37248.000 3.852 0.260 3. 098 0. 323 0.729 1. 3724 9.000 3.852 0.260 3. 0°S 0.323 0.729 1 . 3 7250.000 3. 852 0. 260 3. 098 0. 323 0.729 1. 37251.000 3. 852 0.260 3. 098 0. 323 0. 729 1 . 372
